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IMPORTANT NOTICE 


The 74LS95 shift register IC used in experiments 15, 16, and 22 may operate 
erratically without a slight circuit modification. Therefore, in each experiment 
you need to wire-in two 200 pF bypass capacitors, as shown in Figure 1. One 
capacitor should be wired between pin 6 and ground, and the other capacitor 
between pin 14 and ground. 
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Figure 1 
Example of where to wire bypass capacitors on a 74LS95 IC. 
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INTRODUCTION 


This is the computer age and if you are to succeed or excel in elec- 
tronics, you must have a knowledge of digital techniques. All com- 
puters and most other electronic circuits use digital techniques. The 
application of the material in this course will be beneficial, if not essen- 
tial to your understanding of digital equipment. This course will teach 
you the concepts, terminology, components, and circuits that combine 
to form the basic digital system. 


Digital techniques are so widely used today that it is almost impossible 
to think of electronic equipment without them. Digital techniques are 
used in virtually every area of electronics. They have greatly improved 
electronic methods and have resulted in practical electronic equipment 
with amazing capability. And, there is potential for further improve- 
ments and advances. As an electronic engineer, technician, or hobbyist, 
you can benefit by knowing digital techniques. This program will pro- 
vide you with a solid understanding of digital methods and a guide 
to their application. 


After completing this course, you will be familiar with a wide range 
of integrated circuits, their uses and characteristics. You will also have 
a working knowledge of semiconductor devices, Boolean algebra, logic 
circuits, memory devices, data conversion, and digital troubleshooting. 


How do you gauge your learning? Let the “objectives” be your guide. 
These carefully constructed objectives are the framework for the course. 
When you can meet all of the objectives, you have satisfied the require- 
ments of the course. You’ll find two types of objectives in this course: 
broad, “Course Objectives” are listed following this introduction. More 
specific “Unit Objectives” are listed near the front of each unit. When 
you can satisfy these unit objectives, you’ve learned everything that 
was intended from the units; no matter how easy it seemed. 
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Figure 1 
The ET-3700 Electronic Digital Design Experimenter. 


To perform the Experiments in this program, you will need either the ET-3200 or 
the ET-3700 Electronic Design Experimenter. The ET-3700 is shown in Figure 1. 
In addition, you will also need a volt-ohm meter and an oscilloscope similar to 
those shown in Figure 2. All other parts, such as ICs, resistors, and capacitors, have 
been supplied in the Parts Pack. Be sure to check your parts against the “Parts List” 
that follows the “Course Outline.” If you are missing any parts, you must request 
them on the Parts Order Form provided. 





Figure 2 


Typical volt-ohm meter (mulitmeter) 
and oscilloscope. 
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COURSE OBJECTIVES 


When you complete this program, you will have the following skills 
and knowledge. You will be able to: 


1. 


Discuss the advantages and benefits of using digital techniques 
in electronic equipment. 


Name the major applications of digital techniques in electronics. 


Convert between the binary and decimal number systems and 
recognize the most commonly used binary codes. 


Name the major components used in implementing digital cir- 
cuits and explain how they operate. 


Explain the operation of digital logic gates. 


Identify the more commonly used integrated circuit families used 
in digital equipment and discuss their operation, characteristics, 
and features. 


Use Boolean algebra to express logic operations and minimize 
logic circuits in design. 


Explain the operation of flip-flops. 


Discuss the operation and application of binary and BCD coun- 
ters,shift registers, and other sequential logic circuits. 




















10. 


11. 


12. 


13. 


14. 


Name the most frequently used combinational logic circuits and 
explain their operation. 


Design both combinational and sequential logic circuits for a 
given application from definition and concept to the selection 
of the integrated circuits. 


Identify the various types of semiconductor memories (RAMs, 
ROMs, bubbles, etc.), explain how they operate and give examples 
as to how they are used. 


Name the various types of data conversion such as digital-to- 
analog converters, analog-to-digital converters, multiplexers, and 
sample/hold circuits, tell how they operate and give examples 
of their application. 


Troubleshooting digital circuits using standard test equipment 
and special instruments such as logic probes, logic and signature 
analyzers. 
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COURSE OUTLINE 


UNIT 1 INTRODUCTION TO DIGITAL TECHNIQUES 


Introduction 
Unit Objectives 
Unit Activity Guide 
Digital Techniques 
A. Contrasting Analog and Digital Devices and Tech- 
niques 
B. Where are Digital Techniques Used? 
1. Communications 
2. Telemetry Systems 
3. Test Instruments 
4. Industrial Controls 
5. Consumer Electronic Equipment 
C. Why Use Digital Techniques? 
Greater Accuracy 
Greater Dynamic Range 
Greater Stability 
Convenience 
Automation 
Design Simplicity 
. New Approaches 
V. The Binary Number System 
A. Positional Number Systems 
B. Fractional Numbers 
C. Converting Between the Binary and Decimal 
Number Systems 
1. Binary to Decimal 
2. Decimal to Binary 
E. Binary Number Sizes 
F. Number Identification 
VI. Binary Codes 
A. Binary Coded Decimal 
B. Special Binary Codes 
1. Gray Code 
2. ASCII Code 
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Data Representation 


A. Electromechanical Devices 
B. Transistors 
C. Logic Levels 
D. Positive and Negative Logic 
E. Parallel vs Serial Data Repesentation 
F. Logic Circuits 
Unit Examination 
Examination Answers 


SEMICONDUCTOR DEVICES FOR DIGITAL CIRCUITS 


Introduction 
Unit Objectives 
Unit Activity Guide 
The Bipolar Transistor Switch 
A. Modes of Operation 
1. Cut-off 
2. Linear 
3. Saturation 
B. Saturated Switching Circuits 
C. Switching Speed 
D. Non-Saturating Switching Circuits 
Designing a Saturated Switch Logic Inverter 
A. Procedure 
B. Example Application 1 
C. Example Application 2 
Experiment 1 Bipolar Transistor Switch 
MOS Field Effect Transistors 
A. The N-Channel MOSFET 
B. The P-Channel MOSFET 
C. Bipolars vs MOSFET’s 
D. MOSFET Circuits 
Unit Examination 
Examination Answers 
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UNIT 4 
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DIGITAL LOGIC CIRCUITS 


Introduction 
Unit Objectives 
Unit Activity Guide 
Types of Logic Circuits 
The Inverter 
Experiment 2 Logic Inverter 
Decision-Making Logic Elements 
A. The AND Gate 
B. The OR Gate 
C. The Dual Nature of Logic Gates 
Experiment 3 Diode Logic Gates 


NAND/NOR Gates 
A. NAND Gate 
B. NOR Gate 


C. How NAND/NOR Gates Are Used 
Practical Logic Circuits 
A. Relays and Switches 
B. Discrete Component Logic Circuits 
C. Integrated Circuits 
Experiment 4 Transistor Logic Gate 
Unit Examination 
Examination Answers 


DIGITAL INTEGRATED CIRCUITS 


Introduction 
Unit Objectives 
Unit Activity Guide 
Logic Circuit Characteristics 
A. Logic Levels 
B. Propagation Delay 
C. Power Dissipation 
D. The Speed-Power Trade-Off 
E. Noise Immunity 
F. Fan Out 


1. Current Source Logic 
2. Current Sink Logic 
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Integrated Circuits 
A. Manufacturing Methods 
1. Monolithic 
2. Thin and Thick Film Techniques 
3. Hybrid Circuits 
Application 
Function 
Integrated Circuit Packaging 
1. TOS 
2. Flat-Pack 
3. DIP 
E. Temperature Ranges 
Transistor Transistor Logic 
A. Circuit Operation 
B. TTL Characteristics 
C. Special TTL Variations 
1. Low Power TTL 
2. High Power TTL 
3. Schottky TTL 
4. Three State TTL and Data Busses - 
Experiment 5 TTL Logic Gates 
Emitter Coupled Logic 
A. Circuit Operation 
B. ECL Characteristics 
Metal Oxide Semiconductor Integrated Circuits 
A. PMOS and NMOS Circuits 
B. Complementary MOS 
C. CMOS Characteristics 
Experiment6 CMOS Logic Gate 
Integrated Injection Logic 
Selecting a Digital Integrated Circuit for a Specific Applica- 
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BOOLEAN ALGEBRA 
Introduction 
Unit Objectives 
Unit Activity Guide 
Relating Digital Logic Circuits and Boolean Equations 
A. Review of Basic Functions 
B. Boolean Formats 
C. Sum-of-Products 
D. Product-of-Sums 
Truth Tables 
Boolean Rules 
Minimizing Logic Expressions 
Using NAND/NOR Gates 
Experiment 7 Applying NAND and NOR Gates 
Experiment8 The Wired OR Connection 
Unit Examination 
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FLIP-FLOPS AND REGISTERS 


Introduction 

Unit Objectives 

Unit Activity Guide 

Flip-Flops 

Experiment9 Set-Reset Flip-Flops 
D Type Flip-Flops 

Storage Registers 

Experiment 10 D Type Flip-Flops and Registers 
JK Flip-Flops 

Experimenti1 JK Flip-Flops 

Unit Examination 

Examination Answers 
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REGISTERS, AND CLOCKS 
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Unit Activity Guide 




















IV. 


All. 
XIII. 
XIV. 


XIII 


Counters 
A. Binary Counters 
1. Frequency Dividers 


2. Maximum Count 

3. Down Counters 

4. Up-Down Counter 

5. Synchronous Counters 

6. Counter Control Functions 


B. Typical Integrated Circuit Counters 
Experiment 12 Binary Counters 
A. BCD Counters 
1. Cascading BCD Counters 
2. The BCD Counter as a Frequency Divider 
3. Typical Integrated Circuit BCD Counter 
Experiment 13 The BCD Counter 
A. Special Counters 
1. Modulo 3 Counter 
2. Modulo 5 Counter 
Experiment 14 Counter Applications 
Shift Registers 
A. Shift Register Operation 
B. Bipolar Logic Shift Registers 
Experiment 15 Shift Registers 
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Experiment 16 Shift Register Applications 
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PARTS LIST 


This parts list contains all of the parts used in experiments 
which you will perform with this course. The key number 
in the parts list corresponds to the numbers in the parts picto- 
rial. Some parts are packaged in envelopes. Except for this 
initial parts check, keep these parts in their envelopes until 
they are called for in the experiment. A container is provided 
So that you can keep the smail parts together in one place. 











KEY PART QTY. DESCRIPTION 
No. No. 
RESISTORS (5%) 
Al 6-102-12 4 1000 Q (brown-black-red) 
A1 6-472-12 4 4700 Q (yellow-violet-red) 
A1 6-103-12 2 10 KQ (brown-black-orange) 
A1 6-473-12 2 47 KQ (yellow-violet-orange) 
Al 6-224-12 1 220 kQ2 (red-red-yellow) 
Al 6-151-12 1 150 22 (brown-green-brown) 
Al 6-561-12 1 S60 Q (green-blue-brown) 
A1 6-153-12 1 15 kQ (brown-green-orange) 
10-311 1 5 kQ Control 
10-312 2 10 kQ Control 
CAPACITORS 
Disc 
A2 21-21 2 200 pF 
A2 21-192 1 0.1 pF 
Electrolytic 


A3 25-875 2 1000 pF 














KEY 
No. 





PART QTY. 


No. 





DESCRIPTION 





DIODES-LED DISPLAY TRANSISTORS 


A4 
A4 
A5 
A6 


56-56 4 
96-59 1 
411-885 1 
417-801 2 


1N4149 silicon diode 
4.7 V Zener 

7 segment LED display 
MPSA20 transistor 


NOTE: Transistors and integrated circuits are marked for 
identification in one of the following ways: 


Part number with a type number other than the one 


1458 
1408 
14495-1 
4001 
74LS00 
74LS03 
74LS04 
2114 
74LS02 
74LS08 
74LS75 
74LS20 
74LS$42 
74LS90 
74LS95 
74LS123 
74LS193 
74LS76 
74LS151 
74LS86 


Small parts container 
Red wire 


1. Part number. 
2. Type number. 
3. Part number and type number. 
4. 
listed. 

INTEGRATED CIRCUITS 
A7 442-21 1 
A7 442-751 1 
A7 443-1802 1 
A7 443-695 1 
A7 443-728 2 
A7 443-745 1 
A7 443-755 1 
A7 443-764 1 
A7 443-779 1 
A7 443-780 1 
A7 443-781 1 
A7 443-798 1 
A7 443-807 1 
A7 443-813 1 
A7 443-814 1 
A7 443-942 1 
A7 443-815 2 
A7 443-829 2 
A7 443-878 1 
A7 443-891 1 
MISCELLANEOUS 

266-692 1 

344-52 10 Ft. 

490-111 1 


IC puller 


XIX 


NOTE: HEATH PART NUMBERS 
ARE STAMPED ON MOST DIODES. 
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INTRODUCTION 


The purpose of this first unit on digital techniques is to give you an 
overview of the subject and to introduce you to the basic concepts. 
You will learn what digital techniques are, how they are used and 
why they are used. You will learn about binary numbers and codes 
which are the basic language of all digital systems. And finally, you 
will see how digital techniques are implemented with hardware. 





Digital techniques are so widely used today that it is almost impossi- 
ble to think of electronic equipment without them. Digital techniques 
are used in virtually every area of electronics. They have greatly im- 
proved electronic methods and have given us practical electronic 
equipment with amazing capability. And, there is potential for further 
improvements and advances. As an electronic engineer, technician, or 
hobbyist you can benefit by knowing digital techniques. This program 
will provide you with a solid understanding of digital methods and 
a guide to their application. 


Examine the Unit Objectives listed in the next section to see what you 
will learn in this unit. Then follow the instruction in the Unit Activity 
Guide to be sure you perform all of the steps necessary to complete 
this lesson successfully. Check off each step as you complete it. In 
the spaces provided, keep track of the time you spend on each activity. 
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UNIT OBJECTIVES 





When you complete this Unit you will have the following knowledge and 
capabilities: 
1. Given a list of physical variables, components, devices, and other 
items, you will be able to classify them as being either analog or digi- 
talin nature. 


2. You will be able to list at least five advantages of digital techniques 
over analog methods. 

3. You will be able to list at least five examples of electronic equipment 
using digital techniques. 

4. You will be able to state the factors that have most influenced the 
growth of digital techniques. 


5. Given any decimal number, you will be able to convert it into its bi- 
nary equivalent. 


6. Given any binary number, you will be able to convert it into its deci- 
mal equivalent. 


7. Given any decimal number, you will be able to convert it into its bi- 
nary coded decimal (BCD) equivalent. 
8. Given a BCD number you will be able to convert it into its decimal 
equivalent. _ 
9. You will be able to list four popular digital codes. 
10. You will be able to list the two key ways binary data is represented 
with digital hardware. 
11. You will be able to list the advantages and disadvantages of both se- 
rial and parallel methods of binary data transmission. 





12. You will be able to identify binary signals as being either positive 
or negative logic. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 


Read “Digital Techniques.” 

Answer Self Test Review Questions 1-8. 
Read “The Binary Number System.” 
Answer Self Test Review Questions 9-15. 
Read “Binary Codes.” 

Answer Self Test Review Questions 16-22. 
Read “Data Representation.” 

Answer Self Test Review Questions 23-27. 


Complete the Unit Examination. 





OOO oO 0 0 0 0 0 0 


Review the Examination Answers. 
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DIGITAL TECHNIQUES 


There are two basic types of electronic signals and techniques, analog 
and digital. Analog signals are the most familiar type. An analog sig- 
nal is an ac or dc voltage or current that varies smoothly or continu- 
ously. It is one that does not change abruptly or in steps. An analog 
signal can exist in a wide variety of forms. Several types of analog 
signals are shown in Figure 1-1. 





SINE WAVE 








A 
POSITIVE DC VOLTAGE 
-fe 
B 0 
ade VARYING NEGATIVE DC VOLTAGE 
ÇC n 
RANDOM AC VOLTAGE 
+ 
D 0O 


Figure 1-1 
Types of Analog signals 
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Figure 1-1A shows the most common type of analog signal, a sine wave. 
A significant number of electronic signals are sinusoidal. Radio signals 
and audio tones are examples. A fixed dc voltage is also an analog 
signal. Figure 1-1B shows a constant positive dc voltage. Another type 
of analog signal is a varying dc voltage or current. A changing negative 
dc voltage is illustrated in Figure 1-1C. Any random but continuously 
varying voltage waveform is considered to be analog. The signal shown 
in Figure 1-1D is only one of an infinite variety of such signals. Elec- 
tronic circuits that process these analog signals are called linear cir- 
cuits. 





Digital signals are essentially a series of pulses or rapidly changing 
voltage levels that vary in discrete steps or increments. Digital signals 
are pulses of voltage that usually switch between two fixed levels. Fig- 
ure 1-2 shows several types of digital signals. Notice how these signals 
switch between two distinct voltage levels. In Figure 1-2A, the two 
levels are O (ground) and +5 volts. In Figure 1-2B, the levels are O 
(ground) and —6 volts. In Figure 1-2C the signal alternates between 
the +3 and —3 volt levels. This two-level, off-on or up-down fast 
switching characteristic is fundamental of all digital signals. Electronic 
circuits that process these digital signals are called digital, logic, or 
pulse circuits. 








Figure 1-2 
Types of Digital signals 
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Contrasting Analog and Digital Devices and 
Techniques 





Now let’s further define analog and digital methods in terms of devices 
and ideas that are already quite familiar to you. For example, a light bulb 
can be either an analog or digital device depending upon how it is used. 
The amount of current through a light bulb can be set to any level less 
than its maximum rated value. We can vary the current through it con- 
tinuously and its brightness will vary. Used in this way the light bulb is 
an analog device. The brilliance of the lamp is proportional to the current 
through it. There are virtually an infinite number of brightness levels. 


The lamp can also be used as a digital device where the current through 
it and its brightness varies in discrete steps. The most common way of 
using the light bulb as a digital device is to give it two brilliance levels, 
usually off and on. The important point is that the lamp has two states. 
Because of this off-on characteristic, we say that the lamp is binary in na- 
ture. The term binary designates any two-state device or signal. 


Let’s take some other examples to illustrate the concept of analog and di- 
gital techniques. The VHF channel selector switch on your television set 
is digital in nature because it can assume only discrete positions. It can 
be set to any one of thirteen unique states, channels 2 through 13 and 
UHF. Any type of switch is a digital device because it has two or more 
discrete positions. 





The volume control on your television set is an analog device. You can 
vary the volume of the sound continuously over a wide range from com- 
pletely off to extremely loud. 


The speedometer on your car is an analog device. It tells you the speed 
of your car in miles per hour on a smooth and continuously varying basis. 
You read the speed from a dial that is usually calibrated in no smaller 
increments than 5 miles per hour. To determine the speeds between the 
markings you must interpolate, or guess at, the exact speed. 


The odometer portion of your speedometer, the part that indicates the 
number of miles traveled, is a digital device. Since the odometer records 
mileage in increments of one mile (or in some cases one-tenth mile), it 
is digital in nature. 
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Another example of an analog device is a typical clock or watch. It indi- 
cates the time continuously by the positions of the hands on a calibrated 
dial. The second hand sweeps smoothly and continuously around in an 
analog fashion as do both hour and minute hands. To determine the exact 
time, you must estimate the positions of the hands. Your ability to read 
the time accurately is limited by the precision of the dial calibration in- 
crements. Digital clocks overcome this problem. On a digital clock, you 
read the time directly from decimal number display readouts in discrete 
increments of hours, minutes and seconds. The accuracy is greatly im- 
proved and you gain the added convenience of a direct number display. 


A standard voltmeter is also an analog device. It reads or measures volt- 
age and indicates its value by the position of a pointer on a meter scale. 
The pointer moves smoothly or continuously as the amplitude of the 
analog voltage being measured varies. Of course, digital voltmeters are 
also available. These instruments measure the voltage and display it as 
discrete digits on a decimal readout. 


a Te eaten ate aaa neds 


An analog multimeter for measuring 
voltage, current and resistance 








thas 


A typical digital multimeter E t MULE TE 
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Here are a few other analog quantities and devices: 
temperature — thermometer 


direction — compass 
light intensity — light meter 


Keep in mind that all of these variables could be monitored and dis- 


played as a digital readout. 
Further examples of digital variables are: 


money 
heart pulse rate 


Where Are Digital Techniques Used? 


Perhaps the greatest use of digital techniques today is in computers. 
Digital computers are used in virtually all areas of business and in- 
dustry. They are extremely useful machines that can save man a tre- 
mendous amount of effort and greatly extend his capabilites 
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A typical microcomputer. 
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Over the years digital computers have grown in capability, but have 
become smaller, cheaper and easier to use. As a result, their use has 
increased tremendously. The small, low-cost but very powerful 
minicomputer has put digital and computer techniques within the 
reach of nearly everyone. A microcomputer can be quickly and easily 
designed into a system to replace more conventional equipment and 
circuitry for control, computation and automation. 





Advanced semiconductor technology has given us a computer that is 
really a component. Known as microprocessors, these devices are com- 
plete digital computers in a single miniature integrated circuit package. 
Microprocessors can replace minicomputers in many applications and 
-can often be used to replace conventional digital circuits. Like all digital 
computers, the microprocessor must be programmed to carry out its 
specified function. 


But computers aren’t the only application for digital techniques. Digi- 
tal methods are being employed in almost every imaginable area of 
electronics. Here are just a few examples. 


Communications. Instead of transmitting information over wire lines 
or by radio by analog methods, much data is now being transmitted 
in digital form. It has been found that pulse type signals are easier 
to work with and are less susceptible to noise and other problems 
common in communications systems. Digital computers can readily 
communicate with one another by transmitting information over the 
telephone lines by using digital techniques. 
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Telemetry systems. Those systems, used for transmitting measurement 
data from a remote location, use digital techniques extensively. In an 
unmanned satellite, for example, sensors are used to monitor various 
environmental conditions such as temperature, light, and radiation. The 
analog voltages produced by these sensors, in response to the quantity 
being measured, can be transmitted back to the earth via radio by mod- 
ulating a carrier using conventional analog methods. However, it has 
been found that by converting the analog variables into digital signals, 
an improvement in transmission reliability and accuracy can be 
achieved. Today, telemetry systems in satellites and missiles make ex- 
tensive use of digital techniques. 





A three-meter satellite antenna. 


Introduction To Digital Techniques | 1-13 


Test Instruments. The trend in test and measurement equipment is 
clearly toward the use of digital techniques. Besides the convenience of 
a direct decimal display and the increased precision of measurement 
brought about by the use of digital techniques, it is possible to interface 
many digital instruments with a computer. This permits automatic moni- 
toring, controlling, measuring and recording of data. 


The most common electronic test instrument, the analog voltmeter, is 
gradually being replaced by the more sophisticated digital voltmeter 
(DVM). The DVM does the same job as its analog counterpart. The DVM 
measures voltage but instead of presenting the reading to the observer in 
the form of a pointer on a meter face, the voltage is a direct readout dis- 
play of decimal numbers. Such an instrument, while generally higher in 
cost than an analog voltmeter, is extremely convenient to use and read. 
More important, it gives more accurate measurements of voltages. The 
digital multimeter (DMM), a DVM with refinements, is capable of 
measuring voltages as well as resistance and current like an analog VOM. 


Another widely used digital test instrument is the electronic counter. 
This unit is widely used for measuring frequency and time intervals. 
Again, digital techniques provide a convenient decimal read-out of the 
exact quantity being measured, thereby eliminating man’s need to inter- 
polate continuous or analog meter scales to provide a reading. This 
result is greater accuracy and less error in measurement. 
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A digital counter used for measuring 
frequency. 
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Industrial Controls. Digital techniques are becoming more widely used 
in manufacturing plants and refineries where complex operations must 
be accurately controlled. These systems use sensors to monitor various 
phases of the operation, and the outputs of these sensors are then used 
to produce signals that will control the various operations that affect the 
process. 





. Digital computers are the heart of the new Computer Aided Design (CAD) 
and Computer Aided Manufacturing (CAM) systems that are being more 
widely used in industry. 


Industrial feedback control systems have traditionally used analog tech- 
niques. Today, many of these control systems are digital in nature. Most 
involve both analog and digital methods. Analog quantities like tempera- 
ture, pressure, liquid level and flow rate are monitored by sensors to pro- 
duce an analog signal. These are converted into digital values by analog- 
to-digital converters. Other system inputs are already digital in nature 
such as limit switches or sensors of an off-on or go no-go nature. 


All of this digital information is fed into a digital computer which 
monitors the input variables and, according to a predetermined pro- 
gram, generates output signals to control the process. 


Another popular industrial application for digital techniques is machine 
tool control. Here, a programmable controller or digital computer con- 
trols the drilling, cutting, punching and stamping of materials to produce 
specific metal parts accurately and automatically. 





Consumer Electronic Equipment. Everyday home electronic products 
now use digital techniques extensively. TV sets feature digital channel 
section, remote control, programming, telephone dialing, and sync con- 
trol. Video cassette recorders (VCRs) and video disks also contain digital 
circuits for tuning, programming, timing, and media selection. Ad- 
vanced hi-fi equipment now includes digital methods for tuning via 
phase-locked loop frequency synthesizers. Even digitally controlled re- 
cord turntables are available. The future promises even more digital 
audio equipment. The digital recording and playback of music, for exam- 
ple, will further increase fidelity and lower noise. Such digital hi-fi 
equipment is just now being introduced. 
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A Video Cassette Recorder using 
digital techniques. 
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An FM tuner using digital techniques 
for frequency selection and display. 


1 aucionc 





Other popular consumer devices using digital methods are the popu- 
lar digital clocks, telephone dialers, and electronic calculators. Even 


a home digital thermometer is available. 





Television set with remote 
unit. 
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Digital clock. 
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Why Use Digital Techniques? 


The primary reason for the widespread use of digital techniques has 
been the availability of low cost, digital integrated circuits (ICs). Ad- 
vances in integrated circuit technology have produced many excellent 
low cost digital circuits. Such circuits are small, inexpensive and very 
reliable. Medium scale and large scale (MSI and LSI) integrated devices 
can replace entire circuits and instruments. Electronic equipment desig- 
ners recognize the availability of such devices and have begun to take 
advantage of them. While digital techniques have been known for years, 
it took integrated circuits to make them practical. 


By using digital IC’s many equipment improvements have been made. 
Reductions in size, weight, cost and power consumption usually result 
when analog techniques are replaced by digital methods. Here are a 
few more reasons why digital techniques have become so popular. 
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. Greater Accuracy and Resolution. Digital techniques permit greater 
precision and resolution in representing quantities or in making mea- 
surements than with analog methods. 





Greater Dynamic Range. Dynamic range is the difference between the 
upper and lower data values that a system or instrument can handle. 
Analog systems are limited because of component capabilities and 
noise to a range of something less than 100,000 to 1. With digital tech- 
niques a greatly expanded dynamic range can be obtained. 


Greater Stability. Analog or linear circuits are subject to the effects 
of drift and component tolerance problems. Temperature and other en- 
vironmental factors affect resistor, capacitor and inductor values. Tran- 
sistor bias varies causing non-linear operation and distortion to occur. 
Component imperfections and ageing cause drift and other problems. 
Digital methods greatly minimize or completely eliminate such prob- 
lems. 


Convenience. Digital techniques make instruments and equipment 
more convenient to use. The direct decimal display of data is not only 
more convenient, but the error of reading or interpolating analog meters 
or in setting analog dials is eliminated. 





Automation. Many electronic processes can be fully automated if digital 
techniques are used. Special control circuits or a digital computer 
which is programmed can automatically set up, control and monitor 
many operations. Data is readily recorded, stored and displayed. 


Design Simplicity. Digital equipment is relatively easy to design. The 
available digital ICs make digital design a pleasure. Little or no bread- 
boarding is required. In analog or linear circuits breadboarding is man- 
datory to ensure a workable circuit. Digital equipment can go from paper 
design to finished product ina very short time. 


New Approaches. Digital methods permit new approaches to the solu- 
tion of electronic equipment design. In addition, design solutions impos- 
sible with analog techniques are readily implemented with digital cir- 
cuits. Digital circuits make it possible to do some things that have no 
analog equivalent. 


A disadvantage of digital is that it is inherently incompatible with real 
world variables, which are primarily analog. This necessitates data con- 
version interfaces, which are complex and costly. 
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Self Test Review 





1. Analog Signals vary —_____-. while digital signals vary 
Me 


2. Identify the following items as being either analog or digital in 
nature. 
. height of a human 


a 
b. dice 
c 
e 





. pages of a book 
d. typewriter 


. barometric pressure 





f. slide rule 
3. How many discrete voltage levels do most digital signals have? 





4. The most widespread use of digital techniques is in 
5. List 3 advantages of digital methods over analog techniques. 














6. The single factor most influential in the increased use of digital 
techniques was the 


a. recognition of the deficiencies in analog methods. 
b. development of integrated circuits. 
c. discovery of digital methods. 


d. developments resulting from the space program. 
7. A constant dc voltage is 


a. an analog signal 
b. a digital signal 


c. either a. or b. depending upon how it is defined. 
8. The waveform below is 


a. analog 
b. digital 
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Answers 


1. 


continuously (or smoothly), in steps (in discrete increments, etc.) 


2. a. analog 


b. digital 
c. digital 
d. digital 
e. analog 


f. analog 


. Two (2) 
. computers 
. greater accuracy 


greater dynamic range 
convenience of direct decimal display 
and many others. 


. (b) development of integrated circuits 


7. (c) a constant dc voltage could be an analog signal or one of two levels 


in a binary digital system, depending upon the circuits and tech- 
niques used or the definitions given. 


. (a) since the waveform has more than two discrete steps, it is consid- 


ered to be analog. 
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THE BINARY NUMBER SYSTEM 





All digital circuits, instruments, and systems work with numbers that 
represent specific quantities. For example, the analog voltage measured 
by a digital voltmeter is converted into digital form and displayed as 
a specific decimal number. The number that you enter into an electronic 
calculator is stored and used in the calculation you specify. The digital 
computer that prints your payroll check works with numbers, specific- 
ally your salary, the number of hours you work and the various deduc- 
tions. As you can see, numbers or quantities are the basic source for 
an end product of most digital equipment. Figure 1-3 shows how most 
digital equipment accepts input numbers, processes them and generates 
number outputs. The actual form of the input and output numbers de- 
pends on the application. They may be in a binary or decimal form. 
In some applications the input and/or output may be in analog form 


despite the digital processing. 
INPUT OUTPUT 
( NUMBERS } ( NUMBERS } 












DIGITAL 
CIRCUIT, 
INSTRUMENT 
OR SYSTEM 





PROCESSING 


Figure 1-3 


A general block diagram of any digital system 


The type of numbers we are most familiar with are decimal numbers. In 
the decimal number system we combine the ten digits 0 through 9 in a 
certain way so that they indicate a specific quantity. In the binary number 
system, we use only two digits, 0 and 1. These binary digits, or bits, when 
appropriately arranged can also represent any decimal number. For ex- 
ample, the binary number 110101 represents the decimal quantity 53. All 
modern digital techniques are based on the binary number system. 


The basic distinguishing feature of a number system is its base or radix. 
The base indicates the number of characters or digits used to represent 
quantities in that number system. The decimal number system has a base 
or radix of 10 because we use the ten digits 0 through 9 to represent quan- 
tities. The binary number system has a base of 2 since only the digits or 
bits 0 and 1 are used in forming numbers. 
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The decimal number system came about basically as a result of man 
having ten fingers. Man’s earliest attempts to represent numbers, count 
and keep track of quantities involved the use of his fingers. Of course, 
the decimal number system is universally used and understood because 
it is our way of communicating information about quantities. 





The binary number system, while simple, is inconvenient to use be- 
cause we are not familiar with it. But once you learn it, you will find 
it easy to work with. It has special benefits when it comes to con- 
structing the hardware used in digital equipment. 


Digital systems can be implemented with either the decimal or binary 
number systems. However, the advantages of the binary number sys- 
tems over the decimal number system in terms of hardware im- 
plementation are many. An electronic component or circuit that has 
only two states is significantly simpler, less expensive, faster and 
more reliable than one with ten. Each bit can be implemented with 
components of a simple off/on nature such as switch or relay contacts 
or a transistor that conducts or does not conduct. 


Positional Number Systems 





The decimal and binary number systems are positional or weighted 
number systems. This means that each digit or bit position in a number 
carries a particular weight in determining the magnitude of that number. 
For example, you know that a decimal number has positional weights of 
units, tens, hundreds, thousands, etc. Each position has a weight that is 
some power of the number system base, in this case ten. The positional 
weights are 10° = 1 (units)*, 10? (tens), 107 (hundreds), etc. We evaluate 
the total quantity represented by considering the specific digits and the 
weights of their positions. Consider the decimal number 7438 in which 
there are 8 ones, 3 tens, 4 hundreds, and 7 thousands. The number can 
be written as indicated below. 


(7 X 10°) + (4 x 107) + (3 x 101) + (8 x 10°) = 
7000 + 400 + 30 + 8 = 7438 


To determine the value of the number, you multiply each digit by the 
weight of its position and add your results. 





*Any number with an exponent of zero is equal to one. 
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Binary numbers work the same way. Each bit position carries a specific 
weight. As in the decimal number system, the position weights are 
some power of the base of the number system. These weights from 
right to left are 2°=1*, 2'=2, 27=4, 2°=8, etc. The weight of each 
position is twice that of the weight of the number to the right. Consider 
the binary number 110101. This can be written as indicated below. 


(1 x 25) +(1 x 24) + (0 x 2?) + (1 x 2?) + (0 x 21) + (1 x 2°) = 
32 +164+0+4+0+1=53 


The quantity represented by the number is determined by multiplying 
- each bit by its position weight and obtaining the sum. 


Fractional Numbers 


So far we have only discussed whole numbers or integer quantities. 
But as you know it is often necessary to express quantities in terms 
of fractional parts of a whole. 


Decimal fractions are numbers whose positions have weights that are 
negative powers of ten such as 10~!=“%o0=.1, 107 = “00=.01, 107 7 = 
12000 = .001, etc. A decimal point separates the whole and fractional 
parts of a number. The integer or whole number portion is to the left 
of the decimal point and has weights of units, tens, hundreds, etc. 
The fractional part of the number is to the right of the decimal point 
and the positions have weights of tenths, hundredths, thousandths, etc. 
To illustrate this, the number 278.94 can be written as shown below. 





(2x 102) + (7107) + (8x 10°) + (9x107?) + (4x107?) = 
200 + 70+ 8 + .9 + .04 = 278.94 


In a fractional binary number, the weights of the fractional positions 
are negative powers of 2 or 2~!= “%=.5, 2~7= “= .25, 2-7= w= 
125, 2~* = “Ye= .0625, etc. The position weight is one half of the 
weight of the position directly to the left. A binary point separates 
the whole and fractional parts of the number. 


The binary number 1101.101 is evaluated as shown below. 


(1 x 23) + (1 x 27) + (0 x 21) + (1 x 2°) + (1 x 271) + (0 x 
2-%7+(1 x 27-3) = 


8+4+0+1+ .5+0+ .125 = 13.625 
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Converting Between The Binary and Decimal 
Number Systems 





In working with digital equipment, you will often need to determine the decimal 
value of binary numbers. In addition, you will also find it necessary to convert a 
specific decimal number into its binary equivalent. Let’s see how such conver- 
sions are accomplished. 


Binary to Decimal. To convert a binary number into its decimal equivalent you 
simply add together the weights of the positions in the number where binary 1’s 
occur. The weights of the integer and fractional positions are indicated below. 


INTEGER FRACTIONAL 
p | 27 | 26 | 25 | 24 | 23] 22] 21] 2°} = [2] 2-2f 2-3] 3 
21128] 64j 32116] 8 [4] 211] » [5] .25].125] § 
Binary Point 


As an example, let’s convert the binary number 1010 into its decimal equivalent. 
Since no binary point is shown, the number is assumed to be a whole number 
where the binary point is to the right of the number. The right-most bit, called 
the least significant bit or LSB, has the lowest integer weight of 2° = 1. The left- 
most bit is the most significant bit (MSB) because it carries the greatest weight 
in determining the value of the number. In this example, it has a weight of 2° = 
8. To evaluate the number we add together the weights of the positions where 


binary 1’s appear. In this example, 1’s occur in the 2° and 2! positions. The 
decimal equivalent is ten. 





Binary Number l 0 l 0 
Position Weights (8) (4) (2) (1) 
Decimal Equivalent 8 + 0 + 2 + O=10 


As a further illustration of this process, let’s convert the binary number 
101101.11 into its decimal equivalent. 


Binary Number 1 0 1 1 0 1 1 1 
Position Weights (32) (16) (8) (4) (2) (1) (.5) (.25) 
Decimal Equivalent 32 + 0 + 8 + 4 + 0 + 1 + 5 + .25 = 45.75 


Note that you can disregard the position weights where binary Os occur since they add nothing to the number value. 
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After you solve a few practice problems, you will quickly catch on to this 
procedure. 


Decimal to Binary. Converting a known decimal number into its binary 
equivalent can be accomplished by a simple trial and error method once 
you are familiar with the weighting sequence of binary numbers. Sup- 
pose that you wish to convert the decimal number 175 into its binary 
equivalent. To do this you first determine the highest positional weight 
that is equal to or less than the number being converted. This is 128. Sub- 
tract 128 from 175 and note the remainder. 


179 
— 128 
47 


Again determine the highest positional weight that does not exceed the 
remainder. This is 32. Next determine their difference and continue to 
repeat the process until no further subtractions are possible. 


47 
— 32 
15 





The highest positional weight less than 15 is 8. 
15 
_—8 
7 
The highest positional weight less than 7 is 4. 
—4 
3 


The highest positional weight less than 3 is 2. 
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And finally, the highest positional weight less than or equal to 1, of 
course, Is 1. | 





Now using this information you can construct the equivalent binary 
number. You write a binary 1 for the weight positions you subtracted 
from the original number and the remainders. In this example, these were 
128, 32, 8, 4, 2 and 1. Note that you did not use the 64 and 16 weights, 
so these positions will be binary 0. The number then is 10101111 =175. 
You can check it by converting the binary version back into decimal form 
using the procedure discussed earlier. 


Another method for converting decimal numbers into binary is to re- 
peatedly divide the number by 2 and note the remainder. When dividing 
by 2, the remainder will always be either 1 or 0. The remainder forms the 
equivalent binary number. 


As an example, convert the number 175 into its binary equivalent. 





REMAINDER 
175 + 2 = 87 1 -—— LSB 
87 +2 = 43 1 
43 =2=21 1 
21 +2 = 10 1 
10 +2=5 0 
5+2=2 1 
22 = 7 0 
1+2=0 1 ~——MSB 
Binary Number Sizes 


Binary numbers are also referred to as binary words. An 8 bit binary 
number is also an 8 bit word. You will also see the term byte used to refer 
to binary words. Most digital circuits and equipment use a fixed word 
size. The size of this word determines the maximum magnitude and re- 
solution with which numbers can be represented. The number of bits in 
‘a word determine the number of discrete states that can exist and the 
maximum decimal number value that can be represented. 


The formula below indicates the number of states that can be represented 
with a given number of bits. 


N= 2” N = total number of states. 
n = numberof bitsin the word. 
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For example, with a 4-bit word, we can represent a maximum of 





N = 28=24#=2x2x 2X2=16 


This means that by using 4-bit positions, we can create a total of 16 
different binary bit patterns or number combinations. These are shown 
in Table I along with their decimal equivalents. 


TABLE | 


DECIMAL BINARY 


0000 
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Binary and decimal number equivalents for a 4-bit word. 


As Table I indicates, we represent the numbers 0 through 15 using 
the binary number weighting system. The maximum decimal number 
that can be represented is one less than the total number of states. 
The largest decimal number value (N) that can be represented for a 
given number of bits (n) is expressed with the formula below. 


N= 27-1 


For example, with a 6-bit number we can represent a maximum value 
of 


N = 28 — 1 = 64 — 1 = 63 
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If you know the maximum decimal quantity (N) that you wish to represent with a 
binary number, you can determine the required number of bits (B) with the ex- 
pression given below. 





B = 3.32 log, N + 1) 


The common logarithm can be obtained from a set of tables, a slide rule or an 
electronic calculator with log capability. For example, if the maximum decimal 
number that you need to represent is 500, the number of bits required is: 


B = 3.32 log 10 500 


B = 3.32 (2.6998377) 
B = 8.96 


Of course, you cannot implement fractional bits so the total number of bits re- 
quired is the next highest whole number. Therefore, to represent the number 500, 
you would need a total of nine bits. Using the previously given expression, you 
can determine that, with a total of nine bits, the maximum number you can repre- 
Sent is 


N=2"-1=2?-1=512-1=511 
The Appendix at the end of this unit contains a table of numbers that are powers 


of 2. It will help you to quickly determine the relationship between decimal num- 
ber size and binary word bit length. 





Number Identification 


When working with both binary and decimal numbers, it is often necessary to 
have some way of identifying whether a number is a decimal or a binary number. 
This is particularly true of numbers involving only ones and zeros. For example, 
the number 101 could represent a quantity of one hundred and one if it is a 
decimal number. However, if this number is in binary form, it would represent a 
quantity of five. 


To distinguish binary from decimal numbers a small subscript number is gener- 
ally written after the number. The identifying subscript number is the base or 
radix of the number system being used. Several examples of this notation are in- 
dicated below. 


101, = 1100101, 
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Self Test Review 


9. The radix of the binary number system is 


10. Binary hardware is preferred over decimal hardware in digital 
equipment because binary components are 


b. 
e 
11. Convert the following binary numbers to decimal. 
a. 100101101 
b. 11100.1001 
c.111111 
d.100000.0111 
12. Convert the following decimal numbers to binary. 
a. 127 
b. 38 
C: ZZ: 
d. 764. 


13. What is the largest decimal number that can be represented with 
8 bits? 


14. How many discrete states can be represented with 6 bits? 
15. How many bits does it take to represent the number 3875 in binary? 
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Answers 


9. 2 
10. a. faster 


b. simpler 

c. more reliable 
11. a. 1001011012 = 30110 

b. 11100.1001, = 28.562510 

c. 1111112 = 6340 

d. 100000.01112 = 32.437510 
12. a. 12710 = 1111111, 

b. 3810 = 100110- 

C. 2219 = 101102 


d. 76419 = 1011111100, 
13. N = 2? — 1 = 256 — 1 = 255 
14. N = 2ê = 64 
15. B = 3.32 log10o 3875 = 3.32 (3.58827) = 11.91 or 12 bits 
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BINARY CODES 


The general term given for the process of converting a decimal number 
into its binary equivalent is coding. We can express a decimal number 
as an equivalent binary code or binary number. The binary number 
system, as discussed, is known as the pure binary code. We give it 
this name to distinguish it from other types of binary codes. In this 
section you will see some of the other types of binary codes used in 
digital systems. 


Binary Coded Decimal 


Because the decimal number system is so familiar, it is easy to use. The 
binary number system is less convenient to use because we are not as inti- 
mately familiar with it. It is difficult to quickly glance at a binary number 
and recognize its decimal equivalent. For example, the binary number 
1010011 represents the decimal number 83. You certainly cannot tell im- 
mediately by looking at the number what its decimal value is. However, 
you know that within a few minutes, using the procedures described ear- 
lier, that you could readily calculate its decimal value. The amount of 
time that it takes you to convert or recognize a binary number quantity 
is a distinct disadvantage in working with this code despite the numer- 
ous hardware advantages. Digital engineers recognized this problem 
early and developed a special form of binary code that was more compati- 
ble with the decimal system. Because so many digital devices, instru- 
ments and equipment use decimal input and output, this special code 
has become very widely used and accepted. This special compromise 
code is known as binary coded decimal (BCD). The BCD code combines 
some of the characteristics of both the binary and decimal number sys- 
tems. 





The BCD code is a system that represents the decimal digits 0 through 
9 with a four-bit binary code. This BCD code uses the standard 8421 
position weighting system of the pure binary code. The standard 8421 
BCD code and the decimal equivalents are shown in Table II. As with 
the pure binary code, you can convert the BCD numbers into their 
decimal equivalents by simply adding together the weights of the bit 
positions where the binary 1’s occur. Since 9 is the largest character 
used as a digit in the decimal number system, the 4-bit binary numbers 


representing the decimal numbers 10 through 15 are invalid in the 
BCD system. 
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TABLE II 
8421 BCD CODE 





0 
1 
2 
3 
4 
D 
6 
7 
8 
9 





To represent a decimal number in BCD notation you simply substi- 
tute the appropriate four-bit code for each decimal digit. For example, 
the number 834 in BCD would be 1000 0011 0100. Each decimal digit 
is represented by its equivalent 8421 four-bit code. A space is left be- 
tween each four-bit group in order to avoid confusing the BCD format 
with the pure binary code. 





The beauty of the BCD code is that the ten BCD code combinations 
are very easily remembered. Once you begin to work with binary 
numbers on a regular basis, you will find that the BCD numbers will 
come to you as quickly and automatically as decimal numbers. For 
that reason, by simply glancing at the BCD representation of a deci- 
mal number you can make the conversion almost as quickly as if it 
were already in decimal form. 
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While the BCD code does help to simplify the man-machine interface 
it is less efficient than the pure binary code. It takes more bits to repre- 
sent a given decimal number in BCD than it does with pure binary 
notation. For example, the decimal number 83 in pure binary form 
is 1010011. In BCD code the decimal number 83 is written as 1000 
0011. In the pure binary code it takes only a 7-bit word to represent 
the number 83. In BCD form it takes 8 bits. The inefficiency arises 
from the fact that for each bit in a data word there is usually a certain 
amount of digital circuitry associated with it. The extra circuitry as- 
sociated with the BCD code costs more, increases equipment complex- 
ity, and consumes more power. Arithmetic operations with BCD num- 
bers are also more time-consuming and complex than those with pure 
binary numbers. As you recall, with four bits of binary information 
we can represent a total of 2* = 16 different states or the decimal 
number equivalents 0 through 15. In the BCD system we waste six 
of these states (10-15), thus compounding the inefficiency. Therefore, 
when we use the BCD number system, we trade off some efficiency 
for the improved communications between the digital equipment and 
the human operator. | 





Special Binary Codes 





Besides the standard pure binary coded form, the BCD numbering sys- 
tem is by far the most widely used digital code. You will find one 
or the other in most of the applications that you encounter. However, 
there are several other codes that are used for special applications. 
Let’s consider some of these. 
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Gray Code 





The Gray Code is a widely used non-weighted code system. Also known 
as the cyclic, unit distance or reflective code, the Gray code can exist in 
either the pure binary or BCD formats. The Gray code is shown in Table 
IM. As with the pure binary code, the first ten codes are used in BCD oper- 
ations. Notice that there is a change in only one bit from one code number 
to the next in sequence. You can get a better idea about the Gray code 
sequence by comparing it to the standard four-bit 8421 pure binary code 
also shown in Table III. For example, consider the change from 7 (0111) 
to 8(1000) in the pure binary code. When this change takes place all bits 
change. Bits that were 1’s are changed to 0’s and 0’s are changed to 1’s. 
Now, notice the code change from 7 to 8 in the Gray code. Here 7(0100) 
changes to 8 (1100). Only the first bit changes. 


TABLE II 
THE GRAY CODE 


DECIMAL PURE BINARY 





0 
1 
2 
3 
4 
9 
6 
7 
8 
9 


m m e e e 
Ob oN PO 
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The Gray code is generally known as an error-minimizing code because 
it greatly reduces the possibility of ambiguity in the electronic circuitry 
when changing from one state to the next. When binary codes are im- 
plemented with electronic circuitry, it takes a finite period of time for bits 
to change from 0 to 1 or 1 to 0. These state changes can create timing and 
speed problems. This is particularly true in the standard 8421 codes 
where many bits change from one combination to the next. When the 
Gray code is used, however, the timing and speed errors are greatly 
minimized because only one bit changes at a time. This permits code cir- 
cuitry to operate at higher speeds with fewer errors. 





The biggest disadvantage of the Gray code is that it is difficult to use in 
arithmetic computations. Where numbers must be added, subtracted or 
used in other computations, the Gray code is not applicable. In order to 
perform arithmetic operations the Gray code number must generally be 
converted into pure binary form. 


ASCII Code 


The American Standard Code for Information Exchange (ASCII) code 
is a special form of BCD code that is widely used in digital computers 
and data communications equipment. It is a 7-bit binary code that is 
used in transferring data between computers and their external 
peripheral devices and in communicating data by radio and telephone 
lines. With 7 bits we can represent a total of 2” = 128 different states 
or characters. The ASCII code is used to represent the decimal numbers 
0 through 9, the letters of the alphabet (both upper and lower case), 
and other special characters such as punctuation marks and codes that 
are used to control various computer peripheral devices and communi- 
cation circuits. The standard ASCII code is shown in Table IV. 
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TABLE IV 
AMERICAN STANDARD CODE FOR INFORMATION INTERCHANGE 


eum [> [+ l?[*]*]* le]? 


aa 1650) ow | cor | ovo | on f w |w | nof m 
m [saoe e| o ele 
T) C on e o a e 
omw se pe e e e 
fpes e e e s e 
torfo | s a o e e 
efo e e e a 
afes o o e e | 
ss fes f e e e 
mjah e e 
ofe ps peep 
cr fects [= pet [* [1 
a 



















a 





Explanation of special control functions in columns 0, 1, 2 and 7. 


NUL Null DLE Data Link Escape 

SOH Start of Heading DCI Device Contro! 1 

STX Start of Text DC2 Device Contro! 2 

ETX End of Text DC3 Device Control 3 

EOT End of Transmission DC4 Device Control 4 

ENQ Enquiry NAK Negative Acknowledge 

ACK Acknowledge SYN Synchronous Idle 

BEL Bell (audible signal) ETB End of 
Transmission Block 

BS Backspace CAN Cancel 

HT Horizontal Tabulation (punched card skip) EM End of Medium 

LF Line Feed SUB Substitute 

VT Vertical Tabulation ESC Escape 

FF Form Feed FS File Separator 

CR Carriage Return GS Group Separator 

SO Shift Out RS Record Separator 

SI Shift In US Unit Separator 


SP Space (blank) DEL Delete 
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The 7-bit ASCII code for each number, letter or control function is 
made up of a 3-bit group followed by a 4-bit group. Figure 1-4 shows 
the arrangement of these two groups and the numbering sequence. 
The 3-bit group is on the left and bit 1 is the LSB. Note how these 
groups are arranged in rows and columns in Table IV. 


4 BIT GROUP 


Abebe 


E 
3 BIT GROUP 


Figure 1-4 
ASCII Code Word Format 


To determine the ASCII code for a given number, letter, or control 
operation, you locate that item in the table. Then you use the three 

and four-bit codes associated with the column and row in which the 

item is located. For example, the ASCII code for the letter L is - 
1001100. It is located in column 4, row 12. The most significant 3-bit 
group is 100, while the least significant four-bit group is 1100. The 
complete code is 1001100. 





There are both 6 and 8-bit special versions of the ASCII code. In ad- 
dition, the International Business Machines Corporation (IBM) uses 
another 8-bit coding system called Extended Binary Coded Decimal 
Interchange Code (EBCDIC) instead of ASCII, for its peripheral and 
data communications operations. 
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Self Test Review 


16. The BCD code is better than the binary code because 


17. 


18. 


19. 


20. 


21. 


22. 


a. it uses less bits. 

b. it is more compatible with the decimal number system. 
c. it is more adaptable to arithmetic computations. 

d. there are more different coding schemes available. 
Convert the following decimal numbers to 8421 BCD code. 
a. 1049 

b. 267 

c. 835 

Convert the following 8421 BCD code numbers to decimal. 
a.1001 0110 0010 

b.0111 0001 0100 0011 

c.1010 1001 1000 

d.1000 0000 0101 

Which code is best for minimum hardware errors? 

a. ASCH 

b. 8421 BCD 

c. pure binary 

d. Gray 

Which BCD code is used for data communications? 

a. Gray 

b. 8421 

c. ASCII 


The ASCII code is used primarily in 


What is the ASCII code for the letter ‘‘f’’? 


and 




















Answers 
16. b. more compatible with the decimal system. 
17. a. 0001 0000 0100 1001 
b. 0010 0110 0111 
c. 1000 0011 0101 
18. a. 962 
b. 7143 
c. invalid (1010) 
d. 805 
19. d. Gray 
20. c. ASCII 
21. computers, data communications. 
22. 1100110 


Introduction To Digital Techniques 1-39 


1-40 UNIT ONE l 





DATA REPRESENTATION 


Now that you understand the reason for using the binary number system 
and are familiar with some of the binary coding schemes used in digital 
equipment, you are ready to consider the actual hardware means of 
implementing these binary numbers. By hardware we mean the elec- 
tronic components and circuits that are used to represent and manipu- 
late the binary numbers used in the digital system. It is relatively easy 
to represent a binary number with electronic components. The compo- 
nent, to represent a specific bit in a binary word, must be capable of 
assuming two distinct states. One of the states will represent a binary 
0 and the other a binary 1. 


Electromechanical Devices 


Switches and relays are ideal for representing binary data. A closed 
switch or relay contact can represent a binary 1 while the open switch 
or contact can represent a binary 0. Of course these logic representations 
can also be reversed. Switches and relays are still widely used to imple- 
ment digital systems or parts of digital equipment. They are used in 
places where static binary conditions are required or very low speed op- 
eration can be tolerated. 





Early digital equipment such as computers and test instruments used re- 
lays to represent binary numbers. But the relays were soon replaced by 
vacuum tubes in many applications. Each bit was represented by a vac- 
uum tube that was either conducting or cut-off. When the tube was con- 
ducting it represented one binary state and when it was cut-off it rep- 
resented the other binary state. Vacuum tubes worked well in digital ap- 
plications. They achieved operating speeds significantly higher than that 
of relays. However, because of their large size, high power consumption 
and speed limitations, they have been replaced by solid state devices. 
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Transistors 


Today the most common way of representing binary data in digital equip- 
ment is with a transistor. A transistor can readily assume two distinct 
states, conducting and cut-off. When a transistor is cut-off it is essentially 
an open circuit. When a transistor is conducting heavily, it acts as a very 
low resistance and accurately simulates a closed switch. Most digital cir- 
cuitry in use today uses saturated bipolar switching transistors for data 
representation. Non-saturated bipolar transistor switches are also used 
in many applications where high speed operation is desirable. Keep in 
mind that both discrete component and integrated circuit transistors are 
used in digital applications. 


The enhancement mode MOS field effect transistor (MOS FET) is also 
widely used as a two state switch to represent binary data. This type of 
transistor is the key element in MOS and CMOS integrated circuits. 


Logic Levels 


The basic element for representing a single bit of data is a switch: 
mechanical, electromechanical or electronic. The on-off nature of a 
switch makes it perfect for binary data representation. The exact re- 
lationship between the state of the switch and the bit represented by 
this switch is arbitrary. In actual digital hardware we are not so much 
concerned with whether the transistor is off or on. Instead the bit assign- 
ments are generally represented by voltage levels. The switching ele- 
ment controls these voltage levels. For example, a binary 0 may be 
represented by 0 volts or ground. A binary 1 may be represented by 
+5 volts. Depending upon the equipment power supplies available, 
the exact circuitry used, and the application, almost any voltage level 
assignments can be used. 





Figure 1-5 shows two ways in which a bipolar transistor can be used 
to produce two distinct voltage levels. In Figure 1-5A, the transistor 
is connected as a shunt switch. This means that the transistor is in 
parallel with the output. When the transistor is not conducting, the 
output voltage is +5 volts as seen through collector resistor Rc. When 


the transistor is conducting it acts as a very low resistance or near 
short circuit. At this time the output is some low positive voltage level 
near ground or zero volts. The switching of the transistor of course 
is controlled by the application of the appropriate base signal. Switch- 
ing times in the nanosecond (107° seconds) region are possible with 
modern transistors. 
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+5V +3V 


OUT 





A 


Figure 1-5 
Bipolar transistor logic switches, (A) 
shunt switch (B) series switch. 


In Figure 1-5B the transistor is connected as a series switch. When the 
transistor is cut off the output is zero volts or ground as seen across resis- 
tor Re. When the transistor conducts, it acts as a very low impedance and 
connects the +5 volts supply line to the output. Again the operation of 
the transistor is controlled by applying the appropriate signal to the base. 
You will find both series and shunt transistor switches used in digital 
circuits. 





Positive and Negative Logic 


There are two basic types of logic level representation, positive logic 
and negative logic. When the most positive of two voltage levels is 
assigned the binary 1 state, we say that positive logic is being used. 
When the negative or least positive of two voltage levels is assigned 
to the binary 1 state, we say that negative logic is being used. Indi- 
cated below are several examples of both positive and negative logic 
level assignments. Keep in mind that the assignments are strictly ar- 
bitrary and are selected by the designer when the circuit or equip- 
ment is designed. 


binary 0 = +3.4V. 
binary 1 = +.2V. 






binary 0 = 0 V. 

binary 1 = —6V. 
binary 0 = +15V. 
binary 1 = +1V. 
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Parallel vs. Serial Data Representation 


There are two basic ways in which digital numbers are transmitted, pro- 
cessed or otherwise manipulated. These methods are designated as serial 
and parallel. In the serial methods of data handling, each bit of binary 
word or number is processed serially one at a time. In a parallel system 
all bits of a word or a number are processed simultaneously. 


Serial Data. Figure 1-6 shows a binary number represented in a serial 
data format. The binary number exists as a series of voltage levels repre- 
senting the binary 1s and Os. These voltage level changes occur at a single 
point in a circuit or on a single line. Each bit of the word exists for a spe- 
cific interval of time. The time interval allotted to each bit is in this exam- 
ple, one millisecond. The most significant bit (MSB) is the one at the far 
left. It occurs first since time is considered to be increasing from left to 
right. Because this is an 8 bit binary word, it takes 8 milliseconds for the 
entire word to occur or be transmitted. Positive logic level assignments 
are used. By observing the voltage levels at the specific point or on the 
transmission line, the number can be determined. The number is 
10110010. This is the binary equivalent of the decimal number 178. 





MSB LSB 


Figure 1-6 
The serial binary word 10110010 


The primary advantage of the serial binary data representation is that 
it requires only a single line or channel for transmitting it from one 
place to another. In addition, since each bit on the single line occurs 
separately from the others, only one set of digital circuitry is generally 
needed to process this data. For these reasons, serial data representation 
is the simplest and most economical of the two types. Its primary disad- 
vantage is that the transmission and processing time required for a 
serial word is significant since the bits occur one after the other. Despite 
this time penalty, serial data representation is widely used because 
of its economy and simplicity. 





yo 
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Parallel Data. The other method of representing, transmitting and pro- X 
cessing binary data is designated as parallel. The reason for this is that 
all bits of a binary word or number are transmitted or processed simul- 
taneously. For this reason a separate line or channel is required for each 

bit of the word in transmitting that word from one point to another. Refer 

to Figure 1-7. Here the 8-bit digital word 10110010 is available as voltage 

levels on eight separate output lines. Since all of the bits of the word are 
available at the same time, digital circuitry must be provided to process 

or otherwise manipulate each of the bits in the word simultaneously. The 
transmission and processing of parallel data, therefore, is more complex 

and expensive than that required for serial data. However, the clear ad- 
vantage of parallel data transmission is its speed. All bits are processed 

at the same time and, therefore, the time required for handling of the data 

is very short. For high speed applications requiring rapid processing, 
parallel digital techniques are preferred. 








— 
= 
QO 
ce 
© 
-d 
< 
— 
Oo 
OO 





Figure 1-7 


The parallel binary 
word 10110010. 
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Self Test Review 





23. The basic component used to represent a binary digit is a 


24. The two types of transistors used to implement digital circuits 
are __ sar 


25. Designate the following logic level assignments as being either posi- 
tive or negative. 


a. binary 0 = +3 
binary 1 = —3 
b. binary 0 = +0.8 


binary 1 = +1.8 
26. Serial data transmission is faster than parallel data transfers. 
a. True 
b. False 
27. The following voltage levels appear on six parallel data lines desig- 
nated A through F. 
A= +5V,B= +5V,C=0V,D= +5V,E=0V,F= +5V 
Using positive logic and assuming bit A is the LSB, what is the 
decimal number equivalent? 








1-46 UNIT ONE 


Answers 


23. 
24. 
29. 


26. 
27. 


switch (mechanical, electro-mechanical or electronic) 

bipolar, MOS FET 

a. negative 

b. positive 

b. False 

A= +5 V= 1 (LSB), B= +5 V= 1, C=0 V= 0, D=+5 V = 
1,E =O0V =0,F = + 5 V=1 (MSB) 

Number = FEDCBA = 101011, 

Decimal equivalent = 4345 
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UNIT EXAMINATION 





The purpose of this exam is to help you review the key facts in this 
unit. The problems are designed to test your retention and understand- 
ing by making you apply what you have learned. This exam is not 
so much a test as it is another learning method. Be fair to yourself 
and answer all of the questions first. Then check your work against 
the correct answers in the “Examination Answers.” 
1. Designate whether each item below is analog or digital: 

a. auto gasoline gauge 

b. stepladder 

c. blood pressure indicator 

d. radio dial 

e. porch light 


2. Which of the following is not an advantage of digital over analog 
methods? 


a. automation 
. lower cost interfaces 


. design simplicity 





. increased dynamic range 


o ann og 


. increased resolution 


3. Name five consumer electronic products that use digital techniques. 
a. 


b. 
c. 
d. 
e. 
4. Thesignal shown in Figure 1-8 is: 
a. digital 


b. analog 


Figure 1-8 


Signal for Question 4 
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10. 


11. 


12. 


13. 


14, 


15. 


. The increased use of digital techniques resulted primarily from: 


a. military electronic needs 

b. the desire to reduce costs 

c. the development of integrated circuits 
d. limitations of analog methods 


. Convert the following binary numbers to decimal. 


a. 11010010 
b. 10110 


. Convert the following decimal numbers to binary. 


a. 101 
b. 62 


. Convert the following BCD numbers to decimal. 


a. 0001 1001 1000 0101 
b. 0101 0100 0011 1000 


. Convert the decimal numbers below to BCD. 


a. 260 
b. 531 


In BCD, the code 1011 is: 
a. 11 
b. letter B 
cC. 23 


d. invalid 


a. The highest number that can be represented with 12 bits is 


eee 
b. It takes a minimum of bits to represent the 


number 675. 
The digital code for best man-machine communications is 





ey 
The digital code used in transmitting data between computers and 


their peripherals is a 
The digital code used to minimize errors in data conversion is 


eee Y 
Designate which of the following is positive or negative logic. 


a. binary1 = —.8 





binary 0 = — 1.8 
b. binary 1 = 0 volts 
binary 0 = +10 volts 


aS ee 
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16. Refer to Figure 1-9 and answer the following questions: 
a. The output from this logic circuit is: 
(1) serial 
(2) parallel 
b. If binary 0 = O volts and binary 1 = +5 volts, the 
decimal equivalent of the binary output is 


+10V 





BV 


TIME 


LSB ———_ mee — MB 


Figure 1-9 
Illustration for Question 16 

17. The two types of electronic components most often used to gen- 
erate binary signals are ——— and 
18. The word used to designate an 8-bit binary number is: 

a. nibble 

b. byte 

c. word 


d. code 


19. Draw the serial data waveform for the ASCII Code of the letter J. (Use 
Table IV.) The MSB should be first in time, and Binary 1 = +5 volts, 
Binary 0 = O0 volts. 


20. From the list below, select the main advantage and disadvantage of 


serial and parallel data transmission and write the letter into the de- 
signated spaces. 


a. high speed 
b. slow speed 
c. maximum cost/complexity 
d. minimum cost/complexity 
Serial Parallel 
Advantage —— Advantage 


Disadvantage —— Disadvantage 
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10. 
11. 


12. 
13. 
14. 
15. 


16. 


EXAMINATION ANSWERS 


. a.—auto gasoline gauge - analog 


b.—stepladder - digital 

c.—blood pressure indicator - analog 
d.—radio dial - analog 

e.—porch light - digital 


. blower cost interfaces. Complex, costly interfaces are normally 


used between digital equipment and the normal analog world. 


. a—TV set 


b.—VCR 

c.—stereo recelver 
d.—digital clock 
e.—electronic calculator 


. banalog. The smoothly varying continuous nature of the signal 


makes it analog. 


. c._Development of the integrated circuit is the main reason for the 


rapid increase in the use of digital techniques. 


. a—110100102 = 21010 


b.—101 102 = 2210 


. a—10119 = 11001012 


b.—6219 = 1111102 


. a.—0001 1001 1000 0101 = 1985 


b.—0101 0100 0011 1000 = 5438 


. a—260 = 0010 0110 0000 


b.—53119 = 0101 0011 0001, 

d.—invalid. 1011 is not a BCD value. 

a.—M = 21?—1 = 4096 — 1 = 4095 

b.—B = 3.32 logi9 675 = 3.32 (2.8293) = 9.3932 or 10 bits 
BCD is best for man-machine communications. 


ASCII 
Gray 
a.Binary 1 = —.8 volts 
positive logic 
Binary 0 = —1.8 volts 
b.—Binary 1 = 0 volts 
negative logic 
Binary 0 = +10 volts 
a.—(1) Serial 


b.—The binary output number is 10101 or 211o. 


1-92 puto 


17. Switches. transistors 
18. b.—byte. an 8 bit number. 
19. See Figure 1-10 





MSB 


+5V 

] 0 0 ] 0 l 0 
0V 

————— TIME 


LETTER J IN ASCII 


Figure 1-10 
Answer for Question 19. 
20. Serial 
Advantage - D. minimum cost/complexity 


Disadvantage - B. slow speed 
Parallel 


Advantage - A. high speed - 


Disadvantage - C. maximum cost/complexity 
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APPENDIX 
Table of Powers of 2 
2" n 2% 
1 O 1.0 
2 1 0.5 
4 2 0.25 
8 3 0.125 
16 4 0.0625 
32 5 0.03125 
64 6 0.015625 
128 7  0.0078125 
256 8 0.003 906 25 
512 9 0.001 953 125 
1 024 10 0.000 976 562 5 


2 048 11 0.000 488 281 25 

4 096 12 0.000 244 140 625 

8 192 13 0.000 122 070 312 5 
16 384 14 0.000 061 035 156 25 
32 768 15 0.000 030 517 578 125 
65 536 16 0.000 015 258 789 062 5 





n = number of bits 
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INTRODUCTION 


At the heart of all modern digital circuits are semiconductor devices like 
diodes and transistors. Your ability to understand digital circuits and 
apply them to practical situations depends directly on a knowledge of 
semiconductors. The purpose of this Unit is to provide you with a solid 
background in semiconductor fundamentals as they apply to digital cir- 
cuits, both discrete components as well as integrated circuits. Our dis- 
cussion here will focus on practical operation and application rather 
than detailed coverage of internal device physics. 


The “Unit Objectives” will tell you exactly what you will learn in this 
Unit. Follow the “Unit Activity Guide,” checking off each learning activ- 

ity as you complete it. Keep track of your time and progress in the spaces 
provided. 
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UNIT OBJECTIVES 


When you complete Unit 2 on semiconductor devices, you will have 
the knowledge and skills indicated below. You will be able to: 





1. Name the two types of semiconductor elements used in digital cir- 
cuits and list the advantages and disadvantages of each. 


2. Identify from a list the symbols used to represent PNP and NPN 
bipolar transistors and P- and N-channel enhancement mode MOS- 
FETs. 


3. Explain the operation of both bipolar transistors and MOSFETs. 


4. Name and explain the three operating modes of a bipolar transis- 
tor. 


5. Determine the proper bias on a bipolar transistor for saturated op- 
eration. 


6. Explain the operation of a logic inverter circuit. 


7. Design a saturated bipolar transistor switching circuit. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “The Bipolar Transistor Switch.” 

Answer Self Test Review Questions 1-6. 

Read “Switching Speed.” 

Answer Self Test Review Questions 7-10. 

Read “Designing a Saturated Switch Logic Inverter.” 
Work Self Test Review problem 11. 

Read “MOS Field Effect Transistors.” 

Answer Self Test Review Questions 12-16. 

Perform Experiment 1. 


Complete the Unit Examination. 


0 0 007ġĝñ0ãġÃ2 08 00ġã 0 0 Q 


Review the Examination Answers. 
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THE BIPOLAR TRANSISTOR SWITCH 





The basic component used in implementing any digital logic circuit 
is a switch. Modern digital integrated circuits use a high speed transis- 
tor switch as the primary component. There are two basic types of 
transistor switches used in implementing digital integrated circuits, the 
bipolar transistor and the metal oxide semiconductor field effect tran- 
sistor (MOSFET). An understanding of these two devices is pertinent 
to the operation, capabilities, and limitations of the various types of 
digital integrated circuits. 


The primary function of a transistor switch in a digital logic circuit 
is to alternately connect and disconnect a load to and from the circuit 
power supply. In doing this the transistor switch produces two distinct 
voltage levels across the load which represent the binary 0 and binary 
1 states. The transistor switch should make and break these connections 
as quickly and efficiently as possible. 


The most commonly used digital switch is the bipolar transistor. In 
digital applications, the bipolar transistor operates as an off/on or two 
state device. In one state the transistor is non-conducting or cut-off 
and acts as essentially an open circuit. In the other state, the transistor 
is conducting heavily and acts as a very low resistance, approaching 
a short circuit. A two state logic input signal is applied to the transistor 
to produce this on/off operation. 
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Modes of Operation 





A bipolar transistor has three basic regions or modes of operation: cut- 
off, linear or active, and saturation. All: three of these modes are used 
in digital circuits, the cut-off and linear mode in non-saturated bipolar 
circuits and the cut-off and saturation modes in saturated bipolar cir- 
cuits. 


Cut-Off. In the cut-off mode the transistor is nonconducting. Both the 
emitter-base (E-B) and collector-base (C-B) junctions are reverse biased 
or not biased at all to produce the cut-off state. In theory, no emitter 
or collector current flows, and the transistor acts as an open circuit 
between emitter and collector. In most practical transistors, however, 
the cut-off is not perfect. Because of imperfections in the semiconductor 
material out of which the device is made, some leakage current flows. 
In most modern transistors this leakage current is extremely low and 
for most practical applications can be neglected. However, where very: 
high temperature operation is expected the leakage current becomes 
a more important consideration. In silicon transistors, the leakage cur- 
rent nearly doubles for each 10° C rise in temperature. 


Linear. The linear or active mode of operation is characterized by a 
forward biased emitter-base junction and a reverse biased collector-base 
junction. In this mode, the transistor does conduct. Emitter and collec- 
tor currents flow. The emitter and collector currents are directly propor- 
tional to the base current variations. The emitter and collector currents 
are simply amplified versions of the base current variation. In this mode 
of operation, the transistor functions as a variable resistance and is 
used to amplify or otherwise process analog signals. This region is of 
concern in non-saturating digital integrated circuits. 





Saturation. The third mode of bipolar transistor operation is saturation. 
In this mode, both the emitter-base and collector-base junctions are for- 
ward biased. The transistor conducts heavily and acts as a very low resis- 
tance. The resistance between the emitter and collector is very low, ap- 
proaching that ofa short circuit. 


In digital applications, the bipolar transistor is usually switched between 
the cut-off and saturation states. As it switches, the transistor passes 
quickly through the linear region. The primary responsibility of the de- 
signer of a digital circuit is to see that the bipolar transistor switches as 
quickly as possible between cut-off and saturation and that these two 
states are as stable as possible. In non-saturating digital circuits, the 
transistors switch between cut-off and the linear region. Again, high 
speed is the primary requirement. 
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Saturated Switching Circuits 





Figure 2-1 shows the most common form of saturated bipolar transistor 
logic switch. Here, the transistor is connected as a shunt switch since it 
is in parallel with the output load Rz. This circuit is also known as a trans- 
istor logic inverter. 






Vo 


RE 
a n o ma ma am aw +V 
Ry CC = + R ) 
| L Vcelsat) L c 





Figure 2-1 





Basic transistor switching circuit. 


With an input voltage V; of zero volts or ground, the transistor is cut-off. 
The emitter-base junction is not forward biased, therefore, the transistor 
does not conduct. The only collector current flowing at this time is a min- 
ute leakage current. The output voltage Vg, with no load, is equal to the 
supply voltage Vcc as seen through collector resistor Rc. If a finite resis- 
tive load Rz is connected between the output and ground Vj will be some 


value less than Vcc and dependent upon the division ratio between Ro 
and Rz. 


Ry 


to= oc Re+ R 


) 


When an input voltage V; of sufficient amplitude is applied to base 
resistor Rg, the emitter-base junction will become forward biased and 
the transistor will conduct. The transistor will be in the linear or satura- 
tion regions depending upon the size of V;, the value of Rg and the 
gain (Beta or hrs) of the transistor. 





“yis 
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Figure 2-2 shows the typical input and output waveforms of a transistor 
switching circuit. The input switches between zero volts (LOW) and 
V; (HIGH). When the input is LOW, the transistor is cut-off and output 
voltage Vo is approximately equal to Vcc (HIGH). When the input is 
HIGH, the transistor saturates and acts as a low resistance. The output 
voltage Vo is the collector-emitter saturation voltage Vce (sat) which 
is only a few tenths of a volt (LOW). As you can see, the output is 
HIGH when the input is LOW, and the output is LOW when the input 
is HIGH. The input and output signals are always opposite one another. 
This is the reason for the name inverter. 





(HIGH) +VII ==--- 
INPUT VOLTAGE 







(LOW) OV 


(HIGH) VO 
OUTPUT VOLTAGE 


OV 





Figure 2-2 


Input and output waveforms of a shunt 
transistor switching circuit. 


In a digital circuit the magnitude of V; and Rg are such that sufficient base 
current flows in order to cause the transistor to saturate. This condition 
occurs when the acutal base current Ig is greater than the ratio of the col- 
lector current Ic to the dc forward current transfer ratio hrg (also known 
as the dc current gain or Beta). 


lo 
13> ———— (for saturation) 
hee 
The base current is a direct function of the applied input voltage V; 
and the value of the base resistor Rg. This relationship is 


Vi = Ver 
R; 


l; = 


where Vpe is the voltage across the forward biased emitter-base junc- 
tion. 
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The ratio of the collector current (I,) to the base current (Ig) in a common 
emitter circuit is known as the dc forward current transfer ratio or here. 
This ratio 


Ic 


has 
FE 7 


expresses the effective gain of the device or the ability of the base current 
to control the larger collector current. The greater this ratio, the higher 
the gain. 


By algebraically rearranging this expression, we can calculate the base 
current for a given collector current and gain. 


odb 


hFE 


ls = 


If we design the circuit so that the base current is greater than this ratio, 
the transistor will saturate. That is, both emitter-base and collector-base 
junctions will become forward biased. In this state the transistor is con- 
ducting heavily and the resistance between the emitter and collector is 
very low. For typical switching transistors this value of resistance is in 
the 5 to 30 ohms range. The voltage drop between the collector and emit- 
ter during saturation Vce (sat) is only several tenths of a volt. This is very 
low compared to the supply voltage Vcc and therefore for most practical 
purposes is considered to be nearly zero volts. 


During saturation the amount of emitter and collector current flowing be- 
comes basically a function of the value of the supply voltage Vcc and the 
collector resistance Rc. Because the voltage drop across the transistor is 
essentially zero, the collector current can be found from the expression 


Voc — Vcz (sat) Vcc 
Rc Rc 


This relationship holds true only if sufficient base current flows to satu- 
rate the transistor. If the value of the base current is less than the ratio 
of IchFre, the transistor will be operating in the linear region. The emitter- 
base junction will be forward biased but the collector base junction will 
be reverse biased. The collector-emitter voltage Vcg will be correspond- 
ingly higher. | 


Ic = 


l 
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There are two ways you can determine whether a transistor is saturated 
or operating in the linear region. The first method is to measure the 
junction potentials on the transistor. When measuring these voltages 
it is important to note the polarity of each transistor element with re- 
spect to the other. By knowing the magnitudes of the junction voltages 
and their relative polarities you can establish the state of the transistor. 





+ 
a V - 
CB w 


V = r 
VBE = N ETN 


Figure 2-3 





Polarity and voltage relationships ina 
conducting transistor (A) linear 
operation and (B) saturation. 


Figure 2-3 shows typical junction voltages for an NPN transistor both 
in the saturated and unsaturated states. The transistor in Figure 2-3A 
is operating in the linear or active region. The emitter-base junction 
is forward biased because junction voltage Vaz is of the proper polarity. 
A conducting junction in a silicon transistor typically has a voltage 
drop of approximately .7 volt. Observing the collector-base junction 
we see that the voltage across it (Vcg) is 1.3 volts with the collector 
being more positive than the base. This indicates a reverse biased condi- 
tion on the collector-base junction. The voltage drop between the emit- 
ter and collector Vcr is two volts. Note the relationship between Vcz, 
VBE, and Vos. 


Vce = Vee + Vos 
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In Figure 2-3B, the transistor is saturated. Again Vaz is approximately .7 
volt with the polarity indicated. The big difference however is the polar- 
ity change in Vcg. Here the base is more positive than the collector indi- 
cating a forward biased condition on this junction. The junction voltage 
drop is approximately .6 volt. Again note that the collector-emittor vol- 
tage Vce is the algebraic sum of (or difference between) Vcg and Vpr and 
in this case is only .7 — .6 = .1 volt. Because of this low voltage drop 
the effective resistance of the transistor is extremely low. Another benefi- 
cial characteristic of saturated operation is that the low collector-emitter 


voltage greatly minimizes the power dissipation in the conducting trans- 
istor. The power dissipation is 


P = Væ’ ic 


With Vc so low during saturation, the power dissipation is also very low 
even though the collector current may be large. 


The other method of determining whether or not a transistor is in satura- 
tion is to find both the base and collector current through actual circuit 
measurements and then determine if the base current is less than or great- 
er than the ratio of the collector current and the dc current gain hrg. As 
indicated before, if Is>I-/hrg then the transistor is saturated. If Ig<I¢/hrz, 
the transistor is operating in its active region. The actual value of hrg de- 
pends upon the type of transistor being used, the current level in the 
transistor, its temperature and other factors. The current gain value var- 
ies even among transistors of the same type. To ensure saturation in a 
switching transistor, designers generally make the base resistor small 
enough to produce a base current with a given minimum logic input volt- 
age that is greater than the I-/hr¢ ratio. This safety factor is necessary in 
order to ensure saturation under all conditions. When the base current 
is greater than the Ic/hggratio, we say that we are overdriving the base. 
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Self Test Review 


1. The voltage drop across a conducting PN junction in a silicon tran- 
sistor is approximately —-——SESCSFSCSFS<‘; volts. 


2. The collector and base currents in a transistor inverter are measured 


and found to be I- = 10ma,Ig= .5 ma. The transistor heg is 15. Is the 
transistor saturated? 


3. A PNP transistor has the following junction voltages Vgr= .7 volts, 
base negative with respect to emitter. Vcg= .5 volts, collector positive 
with respect to base. Is the transistor saturated? 


4, Whenatransistor is saturated it acts as a(n) 
a. very low resistance 
b. very high resistance 
c. open circuit 
d. variable resistance 


5. To act as an open circuit, a transistor must be operating in which 
mode? 


a. linear 
b. saturation 
c. cut-off 
6. Another name for a saturated shunt transistor switch is 
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Answers 


7 
. No. The transistor is not saturated since 
Ip<Ic/hrg 
Ip = Ic/hrg= 10/15 = .666 ma 
Actual Iş = .5 ma. 


Is must be greater than Ic/hrr for saturation. 


. Yes, the transistor is saturated. Both junctions are forward 
biased. 


4. (a) Very lowresistance 
. (c) Cut off 
6. inverter 











Semiconductor Devices for Digital Circuits 2-1 9 





Switching Speed 


One of the most important characteristics of a logic circuit is its ability 
to switch rapidly between the binary logic levels. This switching speed 
is affected by the transistor characteristics, the circuit component 
values, stray capacitance and inductance, the current and voltage levels 
in the circuit and the specific circuit configuration. When the input 
signal to a digital circuit changes from one logic level to the other, 
the output of the circuit does not change instantaneously. Instead, there 
is a delay time existing between the change in the input signal and 
the corresponding change in the output. This time lag is generally re- 
ferred to as propagation delay. 


The turn-on time of a transistor is primarily a function of the transistor 
characteristics and the amount of base drive applied to the circuit. A 
heavy base current helps to ensure a rapid turn-on. 


The turn-off time delay is affected mainly by the transistor characteris- 
tics. The turn-off of the transistor is delayed because of storage time. 
When a transistor is saturated, an excess of minority carriers (holes 
in an NPN and electrons in a PNP transistor) build up in the collector- 
base junction region. This charge storage keeps the transistor conduct- 
ing even with the base drive removed. It takes a finite period of time 
for this charge to be removed so that the transistor begins to come 
out of saturation. This storage time is a function of the transistor charac- 
teristics and the amount of base drive. 





By using the proper transistors, circuit configuration, and component 
values, the switching delay times can be significantly reduced. Despite 
all of the factors that limit the switching speed, modern high-speed 
switching transistors can change from one state to the next in only 
a matter of nanoseconds (107° seconds). 
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Non-Saturating Switching Circuits 


The most serious limitation to the switching speed of a bipolar transistor 
is the storage time associated with the condition of saturation. The charge 
storage build up in the collector-base region during saturation takes a fi- 
nite time to be cleared away in order to turn the transistor off. This storage 
time is the most significant part of the turn off time and therefore any 
means of minimizing it will greatly increase the switching speed of the 
transistor. Special bipolar switching transistors have been designed to 
help minimize this storage time effect and external circuitry can be ad- 
justed to minimize it to some degree. The obvious way to increase switch- 
ing speeds, therefore, is to avoid saturation. By keeping the transistor 
from going into saturation no charge storage occurs therefore very high 
switching speeds can be achieved. A number of logic circuits have been 
designed using non-saturating bipolar transistor switches. The transis- 
tors switch between the cut-off and linear regions. Such circuits are capa- 
ble of switching at frequencies as high as 1 GHz. 
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Self Test Review 


7. The finite time that it takes transistor logic switches to turn on 
and off is called 


8. The turn on delay is a function of transistor characteristics and 
9. The turn off delay is caused primarily by 


10. Non-saturating logic circuits have a faster switching speed than satu- 
rated circuits. 


a. True 
b. False 
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Answers 


7. propagation delay 
8. base drive 

9. charge storage 
10. a. True 
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DESIGNING A SATURATED 
SWITCH LOGICINVERTER 


While most modern digital equipment is implemented with integrated 
circuits, it is sometimes necessary or desirable to supplement the IC with 
a discrete component circuit to perform a special function. This includes 
things such as logic level conversion, driving an indicator light such as 
an incandescent lamp or light emitting diode (LED) or operating a relay. 
All of these circuits use a saturated bipolar transistor switch. Several ex- 
amples are given in Figure 2-4. 


The circuit in Figure 2-4A is simply an inverter where the input and out- 
put logic levels may or may not be equal. Such a circuit is useful in inter- 
facing different types of logic circuits. In Figure 2-4B, the LED will light 
when an input voltage V; is applied. The transistor acts as an on/off 
switch controlled by V;. This is also true in the relay driver circuit of Fig- 
ure 2-4C. Contacts A and B of relay K1 are normally open (N.O.) when 
V; is zero. When V; becomes sufficiently positive, the transistor saturates 
and K, is energized. The magnetic field produced by the relay coil closes 
contacts A and B. Diode D, is used to protect the transistor when the 
input voltage is removed. When the transistor cuts off the magnetic field 
the coil collapses thereby inducing a high negative voltage spike that can 
damage the transistor. The voltage spike causes D, to conduct and clamp 
the collector voltage to a safe level. 





Such circuits are so common that it is desirable to know how to design 
them. The procedure is simple as you will see here. 


*Vec VEC 


Rs 








A B C 
Figure 2-4 





Bipolar transistor switch 
used as a logic inverter (A), 
an LED indicator driver (B), 

and a relay drive (C). 
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Procedure 


1. Define the load. 


For a lamp or relay driver, the characteristics of the lamp or relay are 
given. These usually include a rated voltage (VL), current and/or resis- 
tance. If the circuit is an inverter used to supply a signal to an external 
load, the load voltage and current or load resistance must be given. 


2. Specify asupply voltage. 


The supply voltage (Vcc) will usually be equal to or higher than the 
desired load voltage. Normally, the circuit will operate from an exist- 
ing supply of some standard value such as + 5 volts, + 12 volts, etc. 


3. Select a suitable transistor. 


A wide variety of types are available. The exact application will guide 
you in its selection. A transistor designed for switching rather than 
linear applications is usually preferred. The voltage and current rat- 
ings will be determined by the load and supply characteristics. The 
collector current and voltage breakdown ratings should be at least 
twice the operating characteristics. Gain (hrg) and operating speed re- 
quirements will be dictated by the application. The exact transistor 


characteristics can be determined from the manufacturer’s data 
sheets. 


4. Determine the value of any series dropping resistor. 


If the supply voltage is larger than the load (lamp, relay, etc.) voltage, 
then some series dropping resistor (Rs) will be needed. See Figure 2- 
4B. The voltage across this resistance will be the supply voltage (Vcc) 
less the load voltage (Vz) and the transistor saturation voltage Vce 
(sat). The resistance can then be found with the expression 


Voc— Vi— Vce (sat) 


Rs = iz 


where I> is the load current and the collector current Vce (sat) is very 
low and can be considered zero. Use the closest standard resistor value. 
This step does not apply to an inverter with only a collector resistor. 
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5. Specify an output voltage. 


If the circuit being designed is an inverter with a shunt load, the 


+V 
desired output voltage (Vo) should be specified. It will be some value i 
less than Vcc depending upon the values of Rc and Rz. See Figure 
2-5. Rc 
Rz y 
Vo = Vcc 0 
o = Vcc ( Ro + Re ) 
Vi Rg 
R 
If there is no shunt load, Vo = Vcc. L 
6. Determine the value of the collector resistor. 
If the circuit being designed is an inverter with a shunt load to ground, = = 
the collector resistor Rc value can be calculated if the supply voltage Figure 2-5 
(Vcc), load resistance (R,) and desired output voltage (Vo) are known. 
Since Logic inverter with shunt load. 
Rz 
Vo = Vec (n 
o = Vccl Re 4R, ) 
The collector resistance can be found by rearranging this 
expression. 


Ri (Vcc— Vo) 


Rc = V, 


Use the closest standard value of resistance. 


7. Determine the collector current. 


This is the load current specified earlier for lamp or relay drivers. For 
the inverter arrangement described in Step 6, the current is 


n Vcc- Vælsat) _ Vcc 
Rc Rc 


Since Vce (sat) is usually only several tenths of a volt it can be consid- 
ered negligible or zero in the above expression. 
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8. Calculate the base current. 


Knowing the gain (hee) from the manufacturer’s data sheet and the 
collector current (Ic), the base current (Ig) can be found. 





hee = therefore Ip = I-/hee 


B 


Use the minimum value of hpg quoted in the data sheet. To pro- 
vide some overdrive and ensure saturation it is desirable to pro- 
vide some safety factor by derating the hpg by a factor of 2 (or 
more if desired). Therefore 


i Ic l 2 Ic 
= —m or = =—aħŮĖõI 
R hFgel2 = hee (min) 


9. Calculate the base resistor. 
The base resistor (Rg) is found with the expression below. 


Vi — Vee 


Rg = 
B 7 





Here V; is the lowest expected value of base drive voltage. It is the binary 
1 voltage level for positive logic. Var of course is the emitter-base voltage 
drop which is typically .7 volts for a silicon transistor. 
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If the circuit being designed is to be driven by another inverter as in Fig- 
ure 2-6 its supply voltage and collector resistance should be considered. 





Figure 2-6 


When Q; cuts off, the driver circuit will be activated by Ig flowing 
through Rg and the collector resistor Rc; of the driving circuit. In this 
case, 


Re = Voc — Íg Rci — VBE 
a ~ o 


Use the closest lower standard resistance value. 


The following examples will illustrate the procedure for two practical 
applications. 
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Figure 2-7 


LED driver circuit: 


Example Application 1. 





Example Application 1 


Design a driver for an LED indicator. The steps below correspond to those 
in the procedure. See Figure 2-4B. 


1. The load is a light emitting diode indicator whose normal brilliance 
is obtained with 20 ma of current. Its normal operating voltage, the 
load voltage drop (Vz), is 1.7 volts at this current value. 

2. Thesupply voltage Vccis + 5 volts. 

3. Atype MPSA20 silicon transistor will be used. hrg (min) = 100. 

4. Since the LED voltage drop is less than the supply voltage a series 
dropping resistor is needed. The load (collector) current is 20 ma. 


o Voc — Vi — Vce (sat) 
dil Ie 


If we consider Vczg (sat) negligible then 


9o— 1.7 3.3 
= —————— = ——————— = 165 ohms 
.02 .02 


A standard 150 or 180 ohm 10 percent resistor or 160 ohm 5 percent 
resistor could be used. 


5. Notapplicable. 

6. Notapplicable. 

7. Ic= 20 maor .02 amp. 
2lc_ 2(.02)_ .04- 


8. Ip = 
S e 100 100 


= ,4 ma = 400 pA 


9. Assume the input voltage V; = +3.5 volts. Vag = .7 volts for a silicon 
transistor. 


Vr— V 3:2 = a7 
Re = — "BE ad 


= = 7000 ohms 
Ip .0004 


A standard 6.8K 10 percent value can be used. 


See Figure 2-7 
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Example Application 2 


Design an inverter circuit to apply +6 volts across a 600 ohm load. 
The supply voltage is +15 volts. The driving signal (V;) is supplied 
by the +15 volt supply through a 1000 ohm collector resistor. See 
Figure 2-8. 


1. Rz = 600 ohms, Vz = 6 volts. 


2. Vcc = +15 volts. 
3. Usean MPSA20. 
4. Notapplicable. 


5. Vo = 6 volts. 
6. maS RulVoc — Vo) 
O 
600 (15 — 6 600 (9 


Astandard 910 ohm resistor could be used. 


7. V 15 
I= -Æ = —— =.01650r16.5ma 
Rc 910 
8. 2Ic  2(.0165) 
Ik= —— = ——_ = .00033 amp = .33ma = 330A 
“he 100 P j 
9. Vcc — Ig Rci — VBE 
Rg = ae 
Ip 
= 1000) — .7 13.97 
Rg = 15 — (.00033) (1000) ~ .7 = —— = 42,333 ohms 
00033 00033 


A standard 39K ohm resistor could be used. See Figure 2-8. 


Vec= +15V 





Figure 2-8 


Inverter circuit: 
Example Application 2. 
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Self Test Review 


11. Design a transistor switch circuit that will energize a relay whose 
coil resistance is 400 ohms and current requirement is 30 ma. Use 
a supply voltage of +15 volts. The input voltage is + 15 volts. Use 


an MPSA20 transistor. Draw the completed circuit and label all 
values. 
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Answers 


11. The steps below correspond to those in the procedure. 























1. R, = 400 ohms, I; = Ic= 30 ma, Vz= RzIc= 400(.03) = 12 volts 
2. Vec= +15 volts 
3. MPSA20 transistor. hrg (min) = 100 
4. Voc—Vi-VcEe 15-12 3 
Sh ES SO = = 100 ohms 
Rs Ic .03 03 
5. Notapplicable. 
6. Not applicable. 
7. Ic=I,= 30ma 
8. 2 2 (.03 .06 
Ip = e a .0006 ma = 600 pA 
hee (min) 100 100 
V;-V 15-.7 14.3 
ig A = = 23,833 
Is 0006 0006 
Use a standard 22 K ohm resistor. 
See Figure 2-9. 
+15 
Rs = 1002 
RL = 4002 
'C = 30 MA 
MPSA20 
Figure 2-9 
Solution to Self Test 


Review problem 11. 
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MOS FIELD EFFECT TRANSISTORS 


Another transistor widely used in digital integrated circuits is the en- 
hancement mode metal oxide semiconductor field effect transistor 
(MOSFET). Also known as an insulated gate field effect transistor 
(IGFET), this device offers numerous advantages over the bipolar transis- 
tor particularly for digital work and integrated circuits. Because the 
MOSFET is basically a simple device, it is more easily constructed than 
a bipolar transistor. Since it can be made smaller-than bipolar devices it 
permits more circuitry to be produced on a given area of semiconductor 
material. The cost of an integrated circuit is directly proportional to the 
area of the semiconductor material used to construct the circuit and the 
complexity of the devices used. Simple, low cost, high density circuits 
are readily constructed with MOSFET components. 


The N-channel MOSFET 


Figure 2-10 shows the basic construction of an N-channel enhancement 
mode MOSFET. It is constructed of a P-type silicon base or substrate into 
which is diffused two N-type semiconductor material areas. These form 
the source and drain elements of the transistor. On top of this is diffused 
a thin layer of silicon dioxide, a glass insulator which isolates the source 
and drain regions from the remainder of the device. On top of the silicon 
dioxide insulator is formed a third element called the gate. The silicon 
dioxide insulates the gate terminal from the P-type silicon material. The 
gate is simply a metallized diffusion such as aluminum or a silicon con- 
ductive material that forms a capacitor with the P-type silicon base, the 
silicon dioxide layer acting as the dielectric. The area beneath the gate 
dielectric and between the source and drain is known as the channel. If 
the drain is made positive with respect to the source, current will flow 
between the source and the drain. It is the level and polarity of the voltage 


between the source and the gate that determines the conductivity of the 
channel. 


SILICON DIOXIDE 
GATE (G) 






SOURCE (S) 


LN Asx-AN / 
CHANNEL-T P-TYPE SILICON 
BASE OR 


SUBSTRATE 
(B) 
Figure 2-10 


N-channel enhancement 
mode MOSFET 
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With the gate source voltage equal to zero, no current flows between 
the source and the drain. The alternate N-type and P-type materials 
between source and drain effectively form two back-to-back diodes both 
of which are cut off. However, when the voltage applied between the 
gate and source exceeds a certain threshold level with the gate positive 
with respect to the source, an electric field will be established in the 
channel region. This causes the transistor to conduct and electrons will 
flow between the source and the drain. 





The gate-source arrangement in the MOSFET acts as a capacitor. Apply- 
ing a gate-source voltage charges this capacitor. The gate becomes posi- 
tive and the area below the gate in the substrate becomes negative. 
The majority carriers in the P-type substrate (holes) will be depleted 
by the negative charge and the electron density will be enhanced. This 
negative charge in the P-type base establishes a channel for current 
flow between the two N-type regions. Removing the gate-source voltage 
or decreasing it below the threshold level will cause the conduction 
to cease. 


The enhancement mode MOSFET is an excellent switch. When the gate 
voltage is below the threshold value, the resistance between the source 
and the drain is extremely high and very closely approximates an open 
circuit. When the gate voltage is above the threshold level, the transistor 
conducts and the resistance between the source and the drain is very low, 
approximating a short circuit. Such characteristics make the enhance- 
ment mode MOSFET ideal for digital circuits. 





One of the primary benefits of the MOSFET over the standard bipolar 
transistor is that the input impedance between source and gate is ex- 
tremely high. The input impedance between the source and gate is many 
thousands of megohms and, in effect, is more capacitive than resistive. 
This high input impedance minimizes the loading of one logic circuit on 
the next. Figure 2-11 shows the schematic symbol normally used to rep- 
resent an N-channel enhancement mode MOSFET. 





Figure 2-11 


Schematic symbol for an N-channel 
enhancement mode MOSFET. 
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The P-Channel MOSFET 


Figure 2-12 shows the construction of a P-channel enhancement mode 
MOSFET. It is similar in construction to the N-Channel device. How- 
ever, the substrate is N-type material, while the source and drain diffu- 
sions are P-type material. The symbol used to represent this device 
is shown in Figure 2-13. The operation of the P-channel MOSFET is 
similar to that for the N-channel device with the exception of the operat- 
ing voltage polarities. Like the N-channel device, the P-channel MOS- 
FET is normally off if the gate-to-source voltage is below a specific 
threshold value. When the gate is made negative with respect to the 
source and is of an amplitude above the threshold level, the transistor 
will conduct and current will flow between the source and the drain. 
In the P-channel device, the current carriers are holes instead of elec- 
trons. 


GATE (G) 
SOURCE (S) DRAIN (D) 






“N-TYPE SILICON | 





BASE OR 
CRRNNES SUBSTRATE 
(B) 
, Figure 2-13 
Figure 2-12 gu 
P-Channel enhancement a symbol of a 
mode MOSFET -channel enhancement 
mode MOSFET. 


One of the most important characteristics of the enhancement mode 
MOSFET is its threshold voltage, that value of gate-source voltage re- 
quired to cause the transistor to conduct. There are two basic types of 
threshold in common use; low threshold and high threshold. The high 
threshold devices are easier to make, and, therefore, are more common. 
This high threshold value is approximately three to four volts. There is 
circuitry available with a low threshold in the one to two volt region. 
Typically, P-channel devices have high thresholds, while N-channel de- 
vices have low thresholds. 
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Figure 2-14 shows a simplified schematic symbol often used to represent 
an enhancement mode MOSFET. Because of the complexity of the stan- 
dard symbols, they are rarely used. The letter P or N is written adjacent 
to the symbol to designate whether it is a P-channel or an N-channel de- 


vice. 
D 
e i 
S 
Figure 2-14 
Simplified symbol of 
enhancement mode MOSFET. 
Bipolars vs. MOSFETs 


The primary benefits of the MOSFET over the bipolar transistor are; 
small size, simplicity of construction, high input impedance and low 
power consumption. However, these advantages are somewhat offset 
by the major disadvantage; slow switching speeds. Because of the high 
impedance nature of the device and its capacitive characteristics, 
switching speeds are significantly lower than those for bipolar transis- 
tors. Recent advances have improved the switching speed of MOSFETs, 
but switching speeds in the region below 100 nanoseconds are not pos- 
sible. Nevertheless, the advantages of the MOSFET over the bipolar 
for many applications offset this switching speed disadvantage. Bipolar 
transistors are still faster and offer the further advantage of being able 
to handle high power applications. 
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MOSFET Circuits 


Logic circuits are readily constructed with enhancement mode MOS- 
FETs. Figure 2-15 shows an inverter circuit constructed with a P-channel 
MOSFET. With the gate input voltage (V;) at zero, the transistor does not 
conduct and the output voltage (Vg) is the drain supply voltage (Vpn) as 
seen through the drain resistor (Rp). When the input voltage is made suf- 
ficiently negative beyond the threshold value, the transistor conducts 
and acts virtually as a short circuit. The output voltage at this time is near 
zero volts. An inverter using an N-channel device would be similar, but 
with positive logic levels and supply voltage. 


+V 





Figure 2-15 


Figure 2-16 


P-channel MOSFET inverter Using a biased MOSFET 


as a load resistor. 


In practical MOS circuits, the drain resistor (Rp) is not used. Because 
it occupies a substantial amount of space in an integrated circuit, it 
is generally eliminated and replaced by another MOSFET, biased to 
act as a resistance. The transistor itself is smaller than a diffused resis- 
tor. This is illustrated in Figure 2-16. 


A very popular type of MOS digital circuit combines both P-channel 
and N-channel devices to form what is known as a complementary 
MOS (CMOS) logic circuit. You will learn more about these devices 
in a later unit. 




















Semiconductor Devices for Digital Circuits | 2-33 


Self Test Review 


12. 
13. 


14. 


15. 


16. 


The MOSFET is also known as a 


To cause an N-channel enhancement mode MOSFET to conduct the 
gate-source voltage must be 





a. Zero 

b. negative 

c. positive 

d. above the threshold level 

The gate-source appears to external circuits primarily as a 
a. short circuit 

b. low impedance 

c. capacitor 

d. high impedance 

The switching time of a MOSFET compared to that of a bipolar trans- 
istor is 

a. less 

b. more 

c. about the same 


To cause a P-channel MOSFET to conduct, the gate-source voltage 
must be higher than the ————— — and the drain must be 
with respect to the source. 
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Answers 


12. IGFET 


13. (c) positive, gate positive with respect to the source and 
(d) above the threshold value 

14. (c) capacitor (d) high impedance 

15. (b) more 


16. threshold, negative 
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EXPERIMENT 1 


Bipolar Transistor Switch 


OBJECTIVES: To demonstrate the operation, characteris- 
tics and design of a saturated bipolar tran- 
sistor switch. 

Materials Needed: 


1 — NPN transistor MPSA20 (417-801) 
1— 560 Q resistor 

1—1 kO resistor 

1—4.7 KQ resistor 

1 — 220 kO resistor 


Voltmeter (vom or DMM) 

Heathkit Digital Design Experimenter (Refer to the ET-3200 
manual for operational details and breadboarding proce- 
dures.) 





Procedure 


1. Construct the circuit shown in Figure 2-17. The circuit receives its 
input from data switch SW1. You will monitor the output at the 
collector with a voltmeter. See Figure 2-18 for transistor base details. 






+5V 
Re = 1K 
B 
Veg OUTPUT 
V 
INPUT V; | a | — | 
a— 417-801 Figure 2-18 
i Lead connections 
Figure 2-17 for 417-801 transistor. 





Inverter circuit for Step 1. 
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2. Set SW1 to the down (LO) position and measure the dc output voltage 
(Vo) with respect to ground. Record below. 


Vo= —_______ volts. 
2. Theinput voltage (V;) at this time is 
V;= —_______ volts. 


3. Set SW1 to the up (HI) position and measure the circuit dc input volt- 
age (V;) with respect to ground. Record below. 
V; = o o Volts. 


Next, measure the following transistor junction voltages base-to-emit- 
ter (Vaz), base-to-collector (Vcg), and collector-to-emmitter (Vcz). Re- 
cord your values in Table I. Be sure to note the polarity of each voltage 
so that you can determine whether the junctions are forward or re- 
verse biased. Study your results, then answer the following question. 
Is the transistor saturated? 


TABLE I 





4. Measure the voltage drop across the 220K base resistor (Veg) and 
the voltage across the collector resistor (Vr) and record in Table 
II. Using these voltages and associated resistor values, calculate 
the base current (I) and collector current (Ic) using Ohm’s law. 


V VRC 
ene em c= — 


Rg Rc 


Record your values in Table II. Also calculate the ratio Ic/Ig and 
record in Table II. 


TABLE II 


C 





b 
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5. Using the criterion that states a transistor is saturated if the I°/Ig<hrg 
and the data in Table II, determine the condition of the transistor 
assuming hrg= 100. 


Is the transistor saturated? 





6. Replace the 220K ohm base resistor Rg with a 4.7k ohm resistor. 


7. Repeat Step 3. Measure Vpgg, Vcg, and Vc and record in Table I. 
Study your results. 


Is the transistor saturated? 
8. Repeat Step 4 recording your data in Table II. 
9. Repeat Step 5. Is the transistor saturated? 


Discussion of Steps 1 Through 9. 


In Step 1 you constructed a bipolar transistor switch. In Step 2 with 
the input from SW1 (LO or ground), the E-B junction is not forward 
biased, therefore the transistor is cut off and the output voltage you 
measured was Vcc= +5 volts as seen through the 1k collector resistor. 


In Step 3 you applied forward bias to the emitter-base junction of the 
transistor from the +5 volt logic level output of SW1 through the 220K 
base resistor. The transistor conducts. This is indicated by the junction 
voltages. You should have measured a Vz<¢ in the .6 to .8 volts range with 
the base positive with respect to the emitter. Vcg should have been one 
volt or so with the collector positive with respect to the base. The collec- 
tor to emitter voltage Vc should have been 1 to 4 volts with the collector 
the most positive element. The emitter-base junction is forward biased 
and the base-collector junction is reverse biased. See Figure 2-19 for a 
summary of the transistor junction voltage polarities for a properly 
biased transistor. With this arrangment, the transistor conducts but is not 
saturated. The transistor is operating somewhere in its linear region. 





Because we do not know the exact value of hpg, your voltages for Vcg and 


Vc may not be exactly equal to those given above but they should be 
close. 


In Steps 4 and 5 you determined the collector and base currents by 
measuring the voltage drops across the base and collector resistors then 
dividing by the respective resistor values. Then you determined if the 
ratio I/Iz was equal to, less than, or greater than the assumed hrg value 
of 100. If I-/I5< hr then the transistor is saturated. In this step you should 


have found Ic/ig to be higher than hpg. Obviously, the transistor is not NPN Transistor- 
Junction bias polarities. 





Figure 2-19 
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saturated. What you calculated when you divided Ic by Ig was the true 
gain or hxg of the transistor. It should have been greater than 100. 


In Step 6, you replaced the 220 k© base resistor with a 4.7 kO resistor. 
This provides more base drive current. In Step 7 with +5 volts applied 
to the input, the transistor conducts, but this time much harder. The 
junction voltages should be approximately as follows: Vgg=.7 volt, 
Vos =.6 volt, Vce=.1 volt. The polarities of Vgz and Vce are as before. 
But with the 4.7 kQ base resistor, Vcg is such that the base is more 
positive than the collector. This indicates that the base-collector junc- 
tion is forward biased whereas, with the 220 kO base resistor, it was 
reverse biased. With both the emitter-base and base-collector junctions 
forward biased, the transistor is saturated. The output voltage Vg or 
Vce is the difference between Var and Vez. See Figure 2-19B. 


In Steps 8 and 9, you again determined Ic, Ig and Ic/Ig. In this case, 
you should have found Ic/ig to be less than a nominal hpg of 100. There- 
fore, the transistor is saturated. 


10. Using the procedure outlined earlier, design a transistor switch 
to produce +4 volts across a 560 ohm shunt load. Use a + 12-volt 
supply voltage and a MPSA20 (417-801) transistor (hrg min = 100). 
The input logic signal will come from data switch SW1 and is 
+5 volts as seen through a 470 Q resistor. (See Schematic of ET 
3200 Digital Design Experimenter.) Calculate all values. Draw the 
completed circuit. Then breadboard the circuit using the closest 
available resistor values and check its operation. Use one of the 
procedures described earlier to insure that the transistor does satu- 
rate. 

Vec = +12V 









Ro2=1KQ 








Re1= 4702 
Vi Rp=17, 4462 





MPSA20 






Figure 2-20 


Solution to design problem in Step 10. 
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Discussion of Step 10 





Your calculations should appear like those shown below. See Figure 2- 





20. 
Rep = _—Re(Vacs Vo) ___560(12-4) _ __ 560(8) 
Vo 4 E 4 
Rœ = 1120 ohms 
Usea 1Kohm resistor 
Vcc 12 
= — = —— = .012amp = 12ma 
c= ka 1000 Aaii 
2lc 2(.012) .024 
lp= =—— = = c = 00024 amp = 240 uA 
-ir 100 100 p g 
p — _Vcc-lsRci-Vsee _ 5-(.00024) (470) —.7 
= Is 00024 
4.1872 
Rg= ——————_-_. = 17, 446 ohms 
.00024 


A standard 15 K or 16 KO resistor could be used. A 10 K©) resistor in 
series with a 4.7 KO resistor (14.7 KQ total) could be used in breadboard- 
ing this circuit on your ET-3200. 





In the calculation for Rg, Vcc is 5 volts since the 5 volt supply in your 
ET-3200 provides the basic source of base drive through the 470 ohm re- 
sistor associated with logic switch SW1. This resistor is designated Roi 
in Figure 2-20. 
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UNIT EXAMINATION 


The purpose of this exam is to help you review the key facts in this Unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and answer all 
of the questions first before checking your answers. 





1. A bipolar transistor acts as a closed switch when it is: 
a. cut-off 
b. saturated 
c. amplifying 

-2. The transistor amplifies if it is operating in which of the following 
bias regions? 

a. cut-off 
b. saturation 
c. linear 

3. Nocurrent flows ina transistor when it is: 
a. cut-off 
b. saturated - 
c. amplifying 





4. A transistor, when used in switching or in logic applications, acts 
like a(n): 


a. amplifier 

b. oscillator 

c. variable resistor 
d. switch 


5. The circuit whose binary output is opposite of its input is called a(n): 
a. amplifier 
b. inverter 
c. converter 
d. switch 


6. A transistor is biased such that its emitter-base junction is forward 
biased and its base-collector junction is reversed biased. The transis- 
tor is operating in which region? 

a. linear 
b. cut-off 
c. saturation 
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7. When both emitter-base and base-collector junctions on a transistor 
are forward biased, the transistor is operating in which region? 
a. linear 
b. cut-off 
c. saturation 





8. A transistor inverter with a supply voltage of +5 volts, a collector 
resistance of 1K ohms and the hegg of 50 has a base current of .3 ma. 
The transistor is saturated. 


a. True 
b. False 


9. Refer to Figure 2-21. Identify each of the transistor symbols. 





A B C D 


Figure 2-21 





Figure for Question 9. 


10. Refer to Figure 2-22. With the bias voltages shown, the transistor is 
operating in which region? 
a. linear 
b. cut-off 
c. saturation 





Figure 2-22 


Illustration for 
Question 10. 
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11. A P-channel MOSFET has a threshold voltage of —3.5 volts. The 
source to gate voltage is —7 volts. The transistor is: 


a. conducting 
b. cut-off 
12. Which of the following is not a reason why MOSFETs are preferred 
over bipolar transistors in integrated circuits? 
a. They are smaller. 
b. They consume less power. 
c. They are faster. 
d. They are simpler. 
13. An N-channel MOSFET with a threshold of + 1.5 volts is not con- 
ducting. Which of the following source gate voltages is applied? 
a. +.7 volt 
b. + 2 volts 
c. +10 volts 





14. The factor that most influences the switching speed of a saturated 
bipolar transistor is: 


a. collector current 
b. base current 
C. hFE 





d. charge storage 
15. You could most improve the switching speed of a bipolar transistor 
by: 
. decreasing base current 
. increasing collector current 
. avoiding saturation 
. using a different transistor 


aA TDA 
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EXAMINATION ANSWERS 


. b.—saturated 
c.—linear 
a.—cut-off 
d.—switch 
b.—inverter 
a.—linear 

. c.—saturation 
. a.—True 


+5 
Ic= —— = .005A or 5ma 
1000 


Ic 
= = 1 
a 50 a 





PNPA NH 








For saturation, Ip> 
hrg 


Since Ig is .3ma, the transistor is saturated. 
9. a.—P-channel MOSFET 
b.—NPN bipolar 
c._N-channel MOSFET : 
d.—PNP bipolar 
10. c.—saturation. Both junctions are forward biased. 





11. a.conducting. The gate-source voltage, —7 volts, is higher than the 
threshold, —3.5 volts, therefore the MOSFET is conducting. 


12. c._They are faster. This is not a reason why MOSFETs are preferred 
over bipolars. Bipolars switch faster than MOSFETs. 


13. a—+.7 volts. This value is below the threshold of +1.5 volts, there- 
fore, the MOSFET is cut-off. 


14. d.—charge storage 
15. c.—avoiding saturation 








Unit 3 


DIGITAL LOGIC 
CIRCUITS 
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INTRODUCTION 





All digital equipment, simple or complex, is constructed from just a few 
basic circuits. These circuits are called logic elements. A logic element 
performs some specific logic function on binary data. 


There are two basic types of digital logic circuits: decision-making and 
memory. Decision making logic elements monitor binary inputs and pro- 
duce outputs based on the input states and the operational characteris- 
tics of the logic element. Memory elements are used to store binary data. 


Whether the digital equipment is a simple piece of test equipment or a 
large scale digital computer, this equipment is made up entirely of such 
logic circuits. Once you learn the basic logic elements and the most com- 
monly used forms, you will be able to understand and determine the op- 
eration of any piece of digital equipment. By understanding how to apply 
these basic logic elements, you will be capable of designing and troub- 
leshooting digital equipment. 


In this unit you are going to study the basic types of digital logic circuits. 
You will learn the operation of decision-making and memory circuits. 
You will also discover several special classes of logic circuits. We will 
also discuss the practical implementation of these logic circuits using 
switches and relays, discrete electronic components and integrated cir- 
cuits. This unit provides the base upon which all of the remaining units 
in this program are built. The study of digital techniques is, in effect, a 
study of digital logic circuits and how they are applied. As a result, this 
is an extremely important background lesson. 
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UNIT OBJECTIVES 


When you complete Unit 3 you will have the following knowledge 
and capabilities. 


1. 
2. 


10. 


11. 


You will be able to list the three basic types of logic elements. 


You will be able to write a definition for combinational logic cir- 
cuits. 


. You will be able to write a definition for sequential logic circuits. 
. You will be able to draw the schematic and explain the operation 


of both diode and switch contact AND gates. 


. You will be able to draw the schematic and explain the operation 


of both diode and switch contact OR gates. 


. You will be able to draw the schematic and explain the operation 


of a transistor and switch contact inverter. 


. Given a list of symbols, you will be able to identify the industry 


standard symbols for inverters, AND, OR, NAND, and NOR gates. 


. From a list of truth tables, you will be able to identify the logic 


functions being performed. 


. You will be able to write a truth table for any of the basic logic 


functions: AND, OR, NOT, NAND, NOR. 


Given a list of logic equations you will be able to identify the logic 
function expressed by each. 


You will be able to write the logic equation for any of the basic 
logic functions AND, OR, NAND, NOR, NOT. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 
[] Read “Types of Logic Circuits.” 
C] Answer Self Test Review Questions 1-6. 
C] Read “The Inverter.” 
[C] Answer Self Test Review Questions: 7-11. 
[0 Read “Decision-Making Logic Elements.” 
[] Answer Self Test Review Questions 12-23. 
1 Read “NAND/NOR Gates.” 
C] Answer Self Test Review Questions 24-33. 
C] Read “Practical Logic Circuits.” 
C] Answer Self Test Review Questions 34-39. 
C] Perform Experiment 2. 
[_] Perform Experiment 3. 
[_] Perform Experiment 4. 
[] Complete the Unit Examination. 


(_] Review the Examination Answers. 
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BINARY 
BINARY sees 
INPUTS OUTPUT 


Figure 3-1 


Basic symbol of a logic gate. 


TYPES OF LOGIC CIRCUITS 


The two basic types of logic circuits are decision-making and mem- 
ory. Both types accept binary inputs and produce binary outputs. The 
nature of the output is a function of the state of the inputs and the 
characteristics of the particular logic circuit. 


Decision-making logic circuits do exactly what their name implies; 
make decisions. The basic decision-making logic element is called a 
gate. A gate has two or more binary inputs and a single output. Fig- 
ure 3-1 shows the generalized symbol used for representing a logic 
gate. More specific symbols are used to represent practical types of 
gates. There are several different types of logic gates, each performing 
a specific decision-making operation. The gate looks at its binary in- 
puts, and based upon their states and its operation, it generates an 
appropriate output signal that reflects the decision it has made. 


While many simple logic functions can be implemented with a gate, 
generally gates are combined to form more sophisticated and complex 
decision making logic networks called combinational circuits. A com- 
binational circuit is made up of two or more gates and has two or 
more inputs and one or more outputs. Combinational circuits still 
perform a decision-making function but of a more sophisticated na- 
ture. Most combinational circuits perform some unique logic function 
such as decoding, encoding, multiplexing, comparison or an arithme- 
tic operation with binary numbers. A generalized block diagram of a 
combinational logic circuit is shown in Figure 3-2. 


COMBINATIONAL 
CIRCUIT 









ONE OR MORE 
BINARY 
MULTIPLE pune 
BINARY 


INPUTS 


Figure 3-2 


General block diagram of a 
combinational logic circuit. 
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The other type of logic element is a memory circuit. The basic memory element 
is a bistable storage device known as a flip-flop. This circuit has two stable states 
which can represent the two binary numbers 0 and 1. The circuit can be placcd 
into cither state so that it retains that state or remembers the bit stored there. 
Most memory circuits store a single binary bit. Many of these elements can be 
combincd to store complete binary numbers or words. 


Most memory elements arc interconnected with combinational circuits to form 
another more sophisticated form of memory elemcnt known as a sequential cir- 
cuit. A gencral block diagram of a sequential circuit is shown in Figure 3-3. The 
inputs to the scquential circuit consists of external binary data and feedback sig- 
nals devcloped within the scqucntial circuit itself. The outputs of a sequential 
circuit are binary signals that are used to operate or control extcmal circuits. The 
Output of the sequential circuit is a function of the binary inputs, the binary data 
Stored in the sequential circuit itself and the specific characteristics of this 
circuit. 


Sequential circuits are uscd for a varicty of operations in digital equipment. 
Typical sequential circuits consist of counters, shift registers, umers, sequencers, 
and other circuits where binary data is stored and manipulated as a function of 
time. You will study these circuit in later units. 


The three basic decision-making logic clements are the AND gatc, the OR gate, 
and the inverter. All other digital logic clements and circuits are vanations or 
combinations of just thesc three basic elements. Each of thesc clements receives 
one or more binary inputs and generates a single binary output. 


In order to distinguish one binary input signal from another and in order to iden- 
tify both binary inputs and outputs, each signal is generally assigned a name or 
label. In its simplest form the label consists of a letter, a small word or mne- 
monic (pronounced ne-mon-ik). This label or designation indicates a specific 
logic signal which can assume either of the two binary states O or 1. In the dis- 
cussions of the logic circuits presented here all inputs and outputs will be given 
such names and labels. In most cases a simple letter designation will be used. 
However, keep in mind that these designations may be words or letter and num- 
ber combinations. Some typical examples are A, X, D3, CLR, JMPZ, etc. 


SEQUENTIAL 
CIRCUIT 







BINARY BINARY 
INPUTS OUTPUTS 


BINARY 
FEEDBACK 


Figure 3-3 


General block diagram 
of a sequential logic circuit. 
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Self Test Review 
l. The two basic classifications of logic circuits are 
and 





2. When multiple gates are interconnected to perform a specific function, the 
resulting circuit is called a circuit. 


3. The basic logic memory clement is called a and 
is capable of storing one of data. 





4. Combining memory elements with a combinational logic circuit produces 
a logic Circuit. 





5: The three basic logic elements are the 
, and 


9 





6. A point in a logic circuit labelled STB3 can assume which of the follow- 
ing states: 
a. binary 0. 
b. binary 1. 
c. either binary 1 or 0. 





Answers 


decision-making, memory 
combinational 

flip-flop, bit 

sequential 

AND, OR, inverter 

(c) either binary Oor 1. 
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THE INVERTER 


The simplest form of a digital logic circuit is the inverter or NOT circuit. The in- 
verter is a logic element whose output state is always opposite of its input state. 
If the input is a binary O the output is a binary 1. If the input is a binary 1, the 
output is a binary 0. We say that the inverter has an output that is the comple- 
ment of the input. The binary states 1 and O are considered to be complementary. 


The operation of the inverter is clearly summarized by a simple chart known as a 
truth table. The truth table shows all possible input states and the resulting out- 
puts. Figure 3-4 is the truth table for an inverter. The input to the inverter is des- 
ignated A while the output is labeled A (pronounced A NOT or NOT A). The bar 
over the letter A indicates the complement of A. Note that the truth table shows 
all possible input combinations and the corresponding output for each. Since the 
inverter has a single input, there are only two possible input combinations: 0 and 
1. The output in each case is the complement or opposite of the input. 


The symbols used to represent a logic inverter are shown in Figure 3-5. The tn- 
angle portion of the symbol represents the circuit itself while the circle desig- 
nates the inversion or complementary nature of the circuit. Either of the two 
symbols may be used. Note the input and output labeling. Such simplified sym- 
bols are used instead of the actual electronic schematic in order to simplify the 
drawing and application of a logic circuit. It is the logic function and not the cir- 
cuit that is the most important. 


The simplest and most widely used form of logic inverter is the transistor switch- 
ing circuit shown in Figure 3-6. This inverter circuit operates with a binary input 
signal whose logic levels are 0 volts (or ground) and some positive voltage ap- 
proximately equal to the supply voltage +V.,. When the input B to the transistor 
is O volts, or ground, the emitter-base junction of the transistor is not forward 
biased. Therefore, the transistor does not conduct. With the transistor cut-off, the 
output, B, is at the supply voltage potential +V,. As you can see, with positive 
logic level assignments, the binary 0 input produces a binary 1 output. 











INPUT [OUTPUT 


Figure 3-4 





Truth Table for logic inverter. 


>o 
STB oe 
Figure 3-5 


Symbols for a logic inverter. 


t Vec 
B 


Figure 3-6 


A transistor logic inverter. 
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Whenever a binary 1 or positive voltage level approximately equal to +V ccç is 
applied to the input, the emittcr-basc junction of the transistor becomes forward 
biascd. Sufficicnt base current flows through the circuit to cause the transistor to 
saturate. When the transistor is saturated, both the emitter-base and base- 
collector junctions of the transistor are forward biased and it acts as a very low 
impedance. At this time, the complement output B is approximately equal to zero 
volts or ground as seen through the conducting transistor. The actual voltage will 
be cqual to the saturation voltage of the transistor V cpg (sat). For most good high 
Speed switching transistors this voltage is several tenths of a volt or less and for 
most practical purposcs can be considered to be zero. With a positive voltage bi- 
nary | input the output is a binary O. This circuit obviously performs logic inver- 
sion. The input and output voltage wavcfomms representing the operation of this 
Circuit are shown in Figure 3-7. Most modern switching transistors are capable 
of tuming off and on at nanosecond speeds, therefore very high frequency opera- 
tion with this circuit is possible. 


+VCC 
B fF ft fd. 
INPUT GND 
5 +VCC 
OUTPUT 
VCE (SAT) 


Q wm wmn em a=.  — = oe . = — 


Figure 3-7 
Input and output waveforms 
of a transistor logic inverter. 


Self Test Review 
I; If the input to a logic inverter is labcled PLS, the output will be 
a. PLS 
b. SLP 
c. PLS 
d. binary 0 


8. The inverter input PLS is a voltage level that represents 


a. binary 0 

b. binary 1 

c. either binary O or binary 1 

d. Cannot be determined with information given. 
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9. If the input to the inverter in Figure 3-6 is simply left open the transistor 
will not conduct. What will the output be if negative logic level assign- 
ments are assumed? 

a. binary 0 
b. binary 1 
c. Cannot be determined with information given. 





10. Saturation means 
a. both emitter-base and base-collector junctions reverse biased. 
b. both emitter-base and base-collector junctions forward biased. 
c. emitter-base junction forward biased, base-collector junction reverse 
biased. 
d. emitter-base junction reverse biased, base-collector junction forward 
biased. 


11. The output of the inverter 2 in Figure 3-8 with a binary 1 input will be 


a. binary 0 sauce e 
b. binary 1 e D 
c. Cannot be determined with information given. 
Figure 3-8 
Answers 





k (c) PLS The output of an inverter is indicated by the input designa- 
tion with a NOT bar over it to indicate the complement. 


8. (c) cither binary 0 or binary 1. The input designation PLS represents 
a logic variable that can assume either state. 


9. (a) binary O. If the input to the transistor logic inverter is left open, 
the transistor will not conduct. Therefore, the output will be +V, 
With negative logic level assignments +V.. = binary 0 and zero 
volts or ground = binary 1. 


10. (b) both emitter-base and base-collector junctions forward biased. 
Saturation means that the transistor conducts hard and represents a 
very low impedance. Both transistor junctions are forward biased. 


11. (b) Binary 1. If the input ADX is binary 1 the output of inverter 1 
ADX will be binary 0. With a binary 0 input to inverter 2, its output 
will be the complement or binary 1. The input ADX and output are 
the same. The output could also be called ADX. In this circuit, one 
inverter cancels the effect of the other. The output will be equal to 
the input for any even number of cascaded inverters. 
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INPUTS JOUTPUT 





Figure 3-9 


Truth Table for an AND gate. 


Figure 3-10 


Logic Symbol] for AND gate. 


DECISION-MAKING LOGIC ELEMENTS 


The two basic types of decision-making logic elements are the AND gate 
and the OR gate. These are logic circuits with two or more inputs and a 
single output. The output state is a function of the input states and how 
the particular gate operates. The gate makes its decision based upon the 
input states and its particular function, then generates the appropriate 
binary output. Let’s consider each of these basic gates in detail. 


The AND Gate 


The AND gate is a logic circuit that has two or more inputs and a single 
output. The operation of the gate is such that the output of the gate is a 
binary 1 if and only if all inputs are binary 1. If any one or more inputs 
are a binary 0 the output will be binary 0. The AND gate is a control cir- 
cuit whose output is a binary 1 only when all inputs to the gate are in 
the binary 1 state at the same time. 


The operation of a two input AND gate is indicated by the truth table in 
Figure 3-9. The inputs are designated A and B. The output is designated 
C. The output for all possible input combinations is indicated in the truth 
table. The total number of input combinations is determined by raising 
2 to a power equal to the number of inputs. With two inputs, each capable 
of assuming either of the two binary states, the total possible number of 
combination inputs is 27=4. Note that the output is binary 0 for any set 
of inputs where either, or both, of the inputs are binary 0. The output is 
binary 1 only when both inputs are binary 1. 


The basic symbol used to represent an AND gate is shown in F igure 3-10. 
Note that the inputs and outputs are labeled to correspond to the truth 
table in Figure 3-9. Keep in mind that the AND gate may have any number 
of logical inputs. 


An important point to note about the AND symbol in Figure 3-10 is the 
equation at the output, C=A « B or C= AB. This equation is a form of 
algebraic expression that is used to designate the logical function being 
performed. The equation expresses the output C in terms of the input var- 
iables A and B and is read “C equals A AND B”. Here the AND function 
is designated by the dot between the two input variables A and B. The 
AND function is designated by an expression similar to the product of 
algebraic variables. 
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As you will see, the operation of all logic elements and gates can be ex- 
pressed in the form of an algebraic equation. These expressions permit 
circuits to be analyzed, designed and optimized by using standard algeb- 
raic operations and special algebraic manipulations designated by rules 
of Boolean algebra. Boolean algebra is a special form of two state algebra 
that is useful in working with binary variables. You will learn more about 
this in a later unit. 


+5V 





Figure 3-11 


Two input diode AND gate. 


The circuit in Figure 3-11 shows one electrical implementation of a 
logic AND gate. Here two diodes and a resistor form an electronic circuit 
that produces the AND function using binary signals. To analyze this 
circuit, assume the use of binary input signals using positive logic de- 
signations of zero volts (ground) and +5 volts. Let’s also assume that 
perfect diodes are used. Keep in mind that in a practical circuit real 
diodes have a threshold voltage level before they conduct and a finite 
voltage drop across them during conduction. 





Now let’s analyze the operation of the AND circuit shown in Figure 
3-11. If both inputs are a binary 0 (zero volts or ground) both diodes 
conduct. Assuming no forward voltage drop across the diode, the out- 
put will be zero volts. If either one of the inputs is a binary 0, while 
the other is at the binary 1 level (+5 volts), the diode associated with 
the input whose state is binary 0 will be forward biased and will con- 
duct thereby clamping the output at the binary 0 level. (The diode 
associated with the input at the binary 1 level will be reverse biased 
and cut off.) 


If both inputs are at the binary 1 level, neither diode will conduct 
and the output will be +5 volts. As you can see, the only time the 
output is at the binary 1 level is when both inputs are binary 1. 
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The operation of the AND gate shown in Figure 3-11 is fully illustrated 
by the voltage truth table in Figure 3-12 and the waveform timing dia- 
gram in Figure 3-13. Note that if positive logic is assumed, the voltage 
truth table corresponds to the logic truth table given in Figure 3-9. In the 
wave form diagram, both inputs A and B are shown switching at various 
times between the binary 0 and binary 1 levels of ground and +5 volts. 
The output C corresponding to this particular combination of inputs is 
_also illustrated. Note that the only time that the output is binary 1 is when 
the inputs are both in the binary 1 state. The output is a binary 1 for a 
period of time during which the two inputs are coincidentally at the bi- 
nary 1 level. The AND gate is sometimes referred to as a coincident gate. 





INPUTS [OUTPUT 





INPUTS 
OUTPUT 
ad 
Figure 3-12 TIME 
Voltage truth table Figure 3-13 





for diode AND gate. 


Input and output waveforms 
of the diode AND gate. 


Figure 3-14 shows one of the most common applications of the AND 
gate in digital circuits. Here one input of the AND gate is used to control 
the passage of the other input signal to the output. The input control 
signal CTL enables or inhibits the passage of the other logic signal 
which is a train of square waves designated SQW. The output is identi- 
cal to SQW during the time the CTL input is binary 1. Note the input 
and output waveforms as well as the logic expression for this function 
indicated in Figure 3-14. 


wn 
SO 
= 


OUT=SQW- CTL 0 
W 
CTL 
CTL 0 


Figure 3-14 ! UUU 
OUT z 


Typical AND gate application. 
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Remember that an AND gate may have more than two inputs, the exact 
number being dictated by the application. In addition, there are many 
other ways of implementing the logical AND function with hardware. 
Later in this unit and in the program you will learn about some of these 





circuits. 
Self Test Review w 
X M 
12. Draw the logic symbol for an AND gate with inputs J7, K6, L4, and = )} 
output F3. 


13. Write the logic equation for an AND gate with inputs XLT, ZMO, 
KMD, A3 and output TF. 


i ; ; ; i ; Circuit for Self Test 
14. The logic gate in Figure 3-15 will have how many different input Review Question a 
combinations? 


a. 4 
b. 8 
c. 16 


M 
p=? 
15. Write the truth table for a three-input AND gate with inputs A, 


B, C, and D as the output. 


Figure 3-15 





Figure 3-16 
16. What is the algebraic output equation for the circuit in Figure 3-16? 5 
— MN Circuit for Self Test 
a. P iY Review Question 16. 
b. P = MN 
c. P = MN 
d. P = MN 


Answers J7 
a F3=J7+K6-L4 
12. See Figure 3-17 
13. TF = XLT • ZMO • KMD ¢ A3 The AND function is desig- l 
nated by the dot between each variable. Figure 3-17 
14. (c) 16 The four input gate in Figure 3-15 can have a total Answer to Self Test 


of 2* = 16 different input combinations. Review Question 12. 
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Figure 3-19 


Truth Table for OR gate. 


15. 


O 


0 
0 
0 
0 
l 
l 
l 
l 





— O — O = D- O 


Figure 3-18 


Truth Table for 3-input AND gate. 


All possible input combinations are indicated. Note that 
the input states correspond to the 3-bit binary numbers 
representing the decimal numbers 0 through 7. This is 
a convenient way of listing all input state variations for 
a given number of input bits. 

16. (b) P = MN. The output of the inverter in Figure 3-16 
is N. This is then ANDed with input M and the output 
expression is constructed by writing the input variables 
adjacent to one another. 


The OR Gate 


The other basic logic element is called an OR gate. Like the AND gate it 
can have two or more inputs and a single output. Its operation is such 
that the output is a binary 1 if any one or all inputs are a binary 1. The 
output is binary 0 only when both inputs are binary 0. 


The logical operation of a two input OR gate is expressed by the truth 
table in Figure 3-19. With two inputs there are 2? = 4 possible input 
combinations as explained earlier. The truth table designates all four 
possible input combinations and the corresponding output. Note that 
the output is binary 1 when either or both of the inputs are binary 
1. The output is binary 1 if the D input, OR the E input, OR both 
are present. 























The logical symbol for an OR gate is shown in Figure 3-20. The inputs 
are labeled according to the truth table in Figure 3-19. Note the output 
algebraic expression for the OR gate F = D + E. The plus sign is 
used to designate the logic OR function. The output F is expressed 
in terms of the input logic variables D and E. 


The circuit in Figure 3-21 illustrates the implementation of the logic 
OR function using semiconductor diodes. This gate is similar to the 
AND circuit considered earlier except that the supply voltage and diode 
polarities are reversed. This circuit operates with logic input levels 
of zero and +5 volts as did the AND gate considered previously. Using 
positive logic designations, let’s evaluate the operation of this circuit. 


When both inputs D and E are at binary 0 (zero volts or ground) both 
diodes conduct. Assuming perfect diodes, with no forward voltage 
drop, the output will be binary 0. If either one of the logical inputs 
is a binary 0, while the other is a binary 1 (+5 volts), the diode as- 
sociated with the input at the binary 1 state will conduct causing the 
output to be +5 volts or a binary 1. The diode associated with the 
input at the binary 0 state will be reversed biased and will not affect 
the circuit. When both inputs are at the binary 1 or +5 volt level, 
both diodes conduct and the output is a +5 volt or binary 1 level. 
The voltage truth table for this circuit is shown in Figure 3-22. Using 
positive logic, it corresponds to the table in Figure 3-19. 


The operation of the OR gate is illustrated more fully by the waveforms 
shown in Figure 3-23. These diagrams show the output state for various 
combinations of the input voltage D and E as a function of time. Note 
that if one of the inputs switches to the binary 1 level the output 
switches to binary 1. The output is binary 1 when either or both inputs 
are binary 1. Study the waveforms in Figure 3-23 carefully at each 
point to be sure that you understand the OR function. 
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Figure 3-23 


Input and output waveforms 
of the diode OR gate. 
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D F=DO+é 
E 


Figure 3-20 


Logic symbol for OR gate. 
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Figure 3-21 
Diode OR gate. 


INPUTS 


OUTPUT 





Figure 3-22 


Voltage Truth Table 
for the diode OR gate. 
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Figure 3-24 illustrates a typical application for the OR gate in a digi- 

tal circuit. There are two inputs to the OR gate in this application: 

a push button switch SW2 and a train of pulses designated PLS. The 

output OPR will be binary 1 when either SW2 or PLS is at the binary 

1 (+5 volts) level. Switch SW2 is a normally closed pushbutton. The 

SW2 input to the OR gate is normally ground or binary 0. When the 

switch is depressed, the contacts open and the SW2 input becomes 

+5 volts or binary 1 level as seen through the resistor. The other 

input PLS is a series of pulse trains that switch momentarily between 

the binary 0 and binary 1 levels. Note the algebraic expression for the 
output, OPR = SW2 + PLS. The accompanying waveforms in Figure 
3-24 illustrate the operation of the circuit. The OR gate permits either 
of the two inputs to control the output. 





+5 
L 
R 
SW2 


N.C. 
We | PLS 


OPR 


OPR=SW2+PLS 


When considering the operation and application of an OR gate you 

should remember that this logic element can have two or more inputs 

as called for by the application. At the same time we have only illus- 

trated one method of implementing the OR gate with electronic hard- 

ware. Many other circuit variations are used and these will be dis- 

Figure 3-24 cussed later in the Program. | 


Typical OR gate application. 





Self Test Review 


17. Draw the logic symbol for an OR gate with inputs GB, PH, CD, 


Z SH, and output FF. 
18. Write the output equation of the gate in Figure 3-25. 

19. Write the truth table f 4-i ith i 

Figure 3-25 e tor a 4-input OR gate with inputs W, X, Y, 


Z, and output J. 
The output of an OR gate is binary 0 when: 
a. all inputs are binary 0. 
b. 
C. 
d. 


The logic OR function when expressed in algebraic terms is 
analogous to the: 
a. product 
b. sum 
c. difference 
d. quotient 


Circuit for Self Test 20. 


Review Question 18. 


any one or more inputs are binary 0. 
all inputs are binary 1. 
any one or all inputs are binary 1. 


21. 
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Answers 


17. See Figure 3-26. Note that the + signs between the two- 
letter input variables designate the OR operation. 


18. FX= R+Y+Z. The inverter complements the Y input >y 8 
before it is ORed with the other variables. a cD Ñ 
19. FF:GB+PH+CD+SH 


= 
x 
< 
~ 
- 


Figure 3-26 


Answer to Self Test 
Review Question 17. 
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0 
0 
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l 
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l 
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Figure 3-27 





Truth Table for 4-input OR gate 


For four input variables there are 24 = 16 possible input com- 
binations. These can be determined by simply wniting the four 
bit numbers 0 through 15 as indicated. Note that the output is a 
binary 1, if any one or more inputs is binary 1. 


20. (a) All inputs are binary 0. The only time the output of an OR 
gate is binary O is when all inputs are binary zero. At all other 
times at least one or more inputs is binary 1, thereby producing a 
binary 1 output. 


21. (b) sum. The ORing of logic inputs is analogous to the summing 
of algebraic variables. The AND function is analogous to the 
product of input variables. 
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THE DUAL NATURE OF LOGIC GATES 


When we explained the operation of the diode gate circuit in Figure 
3-11, we indicated that it performs the logic AND function. We proved 
this by considering the output voltage level for each of the four possible 
combinations of input voltage levels. The voltage truth table for this 
gate is repeated here in Figure 3-28A. In considering the operation of 
this circuit, we assumed the use of positive logic level assignments. 
By doing this we were able to translate the voltage levels given in the 
truth table into the table shown in Figure 3-28B. Naturally this table 
clearly indicates that the AND function is being performed. The output 
is a binary 1 only when both inputs are binary 1. 





Figure 3-28 


Truth Table for diode gate in 
Figure 3-11. 
Now let’s consider the function of this circuit when we assume negative 
logic level assignments. In this case the 0 volt level would represent 
a binary 1 and a +5 volt level would represent a binary 0. Using the 
original data as developed in Figure 3-28A and translating it into a 
truth table using binary 1’s and 0’s with negative logic level assign- 
ments, we obtain the truth table shown in Figure 3-28C. By studying 
this truth table, you will see that the circuit no longer appears to be 
performing the AND function. Close inspection of the truth table will 
reveal that the circuit is now performing the OR function since the 
output is a binary 1 when either one or both of the inputs is a binary 
1. (The order or sequence of the inputs is not the same as that for 
the AND gate, but this is not important. It is the function that counts.) 
Our only conclusion can be that with positive logic the circuit in Figure 
3-11 performs AND function but with negative logic the circuit per- 
forms the OR function. This clearly indicates that the diode gate circuit 
is capable of performing either of the two basic logical functions. Refer 


to the Appendix on Page 3-56 for comparison of positive and negative 
logic equivalent circuits. 
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This dual nature of logic gates applies to any logic circuit. The diode 
gate that you considered in Figure 3-21 is also dual in nature. With 
positive logic level assignments it performs the OR function as indi- 
cated previously. However, if you analyze the circuit by using negative 
logic level assignments you will find that the circuit performs the AND 
function. Keep this important fact in mind as it will help you in analyz- 
ing, troubleshooting and designing digital circuits. You must not only 
know how the circuit operates electrically, but also what logic level 
assignments are being used. 


Figure 3-29 shows the logic symbols normally used to represent gates 
that perform the logic AND and OR functions with negative logic level 
assignments. The circles at the inputs and outputs represent the effect 
of reversing the logic level assignments from positive to negative. 


=f} => 


A B 
NEGATIVE AND NEGATIVE OR 





Figure 3-29 


Negative logic gates 


Self Test Review 


22. Any logic circuit can perform both AND and OR operations. 
a. True 


b. False 


23. A given logic circuit performs the AND function when binary 
0=0 volts and binary 1= -—6 volts. Reversing the logic level as- 
signments makes the gate perform as a gate. 





Answers 


22. (a) True 
23. Positive OR 
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R 
A 
A C: A-B 
B 
B 
Figure 3-30 
NAND gate. 





Figure 3-31 


Truth Table of NAND gate. 





Figure 3-32 
NOR gate. 


NAND/NOR GATES 


While many digital circuits can be constructed with just the three 
basic digital logic elements — AND, OR, and NOT - most digital 
equipment is implemented with special versions of these circuits 
known as NAND and NOR gates. Such circuits are basically AND and 
OR gates combined with an inverter. NAND/NOR gates are the most 
widely used types of digital logic elements because they offer numer- 
ous advantages over the simple diode gates considered earlier. In 
large complex digital logic networks, it is difficult to cascade more 
than just a few of the simple diode logic gates. Because there is no 
buffering between the gates, loading problems occur and the speed of 
operation suffers. For that reason, it is generally desirable to combine 
a simple diode logic gate with some type of transistor buffer to permit 
more flexible interconnection of circuits. This transistor buffer is 
most often an inverter. 


NAND Gate 


The term NAND is a contraction of the expression NOT-AND. A 
NAND gate, therefore, is an AND gate followed by an inverter. Figure 
3-30A shows the basic diagram of a NAND gate. Note the algebraic 
output expression for the AND gate and the inverter. The entire AND 
output expression is inverted and indicated by the bar over it. 


Figure 3-30B shows the standard symbol used for a NAND gate. It is 
similar to the AND symbol, but a circle has been added at the output 
to represent the inversion that takes place. 


The logic operation of the NAND gate is easy to infer from the circuit 
in Figure 3-30. This operation is indicated by the truth table in Figure 
3-31. The NAND output is simply the complement of the AND output. 


NOR Gate 


Like the NAND gate, the NOR gate is an improved logic element used 
for implementing decision-making logic functions. The term NOR is 


a contraction for the expression NOT-OR. Therefore, the NOR gate is 
essentially a circuit combining the logic functions of an OR gate and 
an inverter. 


Figure 3-32A is a logical representation of a NOR gate. Figure 3-32B 
shows the standard symbol used to represent a NOR gate. Note that 
the output expression is the inverted OR function. 
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The logic operation of a NOR gate is illustrated by the truth table in 
Figure 3-33. The NOR output is simply the complement of the OR func- 
tion. Like any other logic gate, NAND and NOR gates may have two 
or more inputs as required by the application. 


INPUTS OUTPUT 





NAND and NOR gates can be used to implement any of three basic 
logic functions. For example, by tying all inputs together, either the 
NAND or NOR gate performs inversion. By combining the NAND or 
NOR gates with external inverters, the AND and OR operations can 
be performed. 


Figure 3-33 


Truth Table of NOR gate. 
Self Test Review 


24. NAND/NOR gates are more widely used than simple AND/OR 
circuits because: 


a. NAND/NORs can also perform AND/OR operations. 
b. NAND/NORs are less expensive and smaller. 
c. NAND/NORs are self-buffering — this permits higher speed and 
reasonable loading. 
d. AND/ORs can’t perform the NOT function. 
25. A 3-input NAND gate has inputs of 0, 1 and 1. The output is: 
a. binary 0 





b. binary 1 

26. A 4-input NOR gate has inputs of 1, 0, O and 0. The output is: 
a. binary 0 
b. binary 1 

27. The output equation of a NAND is: 
a. C= AcB 
b. C= A+B 
c. C= AB 
d. C= A+B 

28. The output equation for a NOR is: 
a. F= D+E 
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Answers 


24. (c) NAND/NORs are self-buffering — this permits higher 
speeds and reasonable loading. They are more versatile 
than the simple AND/OR circuits and, therefore, are more 
widely used. 


. (b) binary 1. The output of a NAND is binary 0 if, and 


only if, all inputs are binary 1. With a binary O on any 
or all inputs, the output is binary 1. 


. (a) binary 0. The output of a NOR is binary 0 if any one 
or more inputs is binary 1. 


. (c) C=A°B is the output expression for a NAND. 
. (d) F=D+E is the output expression for a NOR. 
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How NAND/NOR Gates Are Used. 


The AND and OR logic functions can be performed by connecting inver- 
ters on the outputs of NAND and NOR gates respectively. Since the 
NAND and NOR functions are simply complementary logic functions of 
basic AND and OR operations, then it is logical to assume that the AND 
and OR operations can be obtained from NAND and NOR gates simply 
by adding an additional inversion. As stated in the previous section on 
inverters, the effect of one inversion is cancelled by adding a second. Cas- 
cading an even number of inverters removes the inversion function. 


Figure 3-34 shows how the AND and OR operations are performed with 
NAND and NOR gates. But now, how is the OR function performed with 
a NAND gate and the AND function performed with a NOR gate? 


A AB C: AB _ A C= AB 
B B 
D D+E F= D+E _ D F= D+E 
E £ 


Figure 3-34 





Performing AND and OR 
operations with NAND and NOR gates. 


As mentioned earlier, any of the three basic logic functions — AND, 
OR, NOT — can be performed by either a NAND gate or a NOR gate. 
You have already seen how the AND and OR functions can be ob- 
tained with NAND and NOR gates by simply inverting the output. To 
obtain the other logic functions with each type of gate, inverters are 
used on the inputs. 
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Figure 3-35 
Truth Table for NAND gate. 











Figure 3-35 shows the truth table for a NAND gate. The inputs are 
A and B and the output is C. Now consider the effect of adding an 
inverter to each input as shown in Figure 3-36. These inverters simply 
complement the input signals. The effect is illustrated in the truth table 
of Figure 3-35. The input signals to the inverters are labeled X and 
Y. Note that they are the complements of the signals A and B respec- 
tively. Considering the two inverters and the NAND gate as forming 
a single composite circuit, our inputs become X and Y instead of A 
and B. Output C remains the same. By observing the truth table in 
Figure 3-35 with this change in mind, you can now evaluate the logic 
function of the circuit. Disregarding the sequence of the X and Y input 
combinations and the A and B inputs, note the output state for each 
of the input states. You can see that the circuit produces a binary 1 
output any time a binary 1 is applied to either one or both of the inputs. 
By definition this is the logic OR function. The OR function can be 
performed with a NAND gate by simply placing inverters ahead of each 
input. 





Figure 3-36 


Performing the 
OR function with a NAND gate. 




















By using inverters at the input of a NOR, the AND function can be 
performed. Figure 3-37 shows the truth table for a NOR gate. The inputs 
are D and E and the output is F. Now assume that inverters are con- 
nected ahead of the NOR gate and the new inputs are labeled L and 
M as shown in Figure 3-38. The inverter or complementary input states 
would be as indicated in the truth table of Figure 3-37. If we interpret 
the logic function of the composite circuit where the inputs are L and 
M and the output is F, then you can see by studying the truth table 
that the AND function is being performed. Note that the only time 
that the output F is a binary 1 is when both inputs L and M are at 
the binary 1 level. By definition this is the AND logic function. As 
Figure 3-38 indicates, a NOR gate with inverters at its input performs 
the AND function. 


As you can see any of the three basic logic functions can be performed 
with either a NAND gate or a NOR gate. For that reason entire digital cir- 
cuits can be constructed with just one type of gate. The choice is arbitrary 
and strictly up to the designer. There are some cases where both NANDs 
and NORs are mixed within a circuit. As you will see later, some circuit 
economies result when NAND and NORs are combined. However, just 
remember that any logic function can be implemented with NAND gates 
or NOR gates alone. 
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Figure 3-37 


Truth Table for NOR gate. 
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F 
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Figure 3-38 


Using a NOR gate 
to perform the AND function. 


3-28 UNIT THREE 


Self Test Review 


29. A NAND or NOR gate can perform any of the three basic logic 
functions AND, OR, and NOT. 


a. True 
b. False 
30. When inverters are used at the inputs to a NOR gate, the resulting 
circuit performs what logic function? 
a. AND 
b. OR 
c. NAND 
d. NOR 
e. NOT 
31. When inverters are used at the input to a NAND gate, the circuit per- 
forms what logic function? 
a. AND 
b. OR 
c. NAND 
d. NOR 
e. NOT 
32. ANOR or NAND can be used as a NOT circuit by 
a. inverting the output 
b. inverting the inputs 
c. connecting all inputs together 
d. cascading an even number of circuits. 








33. Which circuit is preferred in implementing an entire circuit with one 
type of gate? 
a. NAND 
b. NOR 
c. Either 














Answers 


29. 
30. 
31. 


32. 


(a) True 
(a) AND 
(b) OR 


(c) connecting all inputs together. By applying the same 
signal to all inputs of either a NAND or a NOR circuit 
it will perform the NOT or complement function. 

. (c) Either. NANDs or NORs can by used to implement 
a complete logic circuit. One type works as well as the 
other. 
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PRACTICAL LOGIC CIRCUITS 


Now that you have completed this overview of the types of logic circuits 
in common use in digital equipment, let’s take a look at several typical 
ways these logic elements are implemented. There are many different 
ways of electrically or mechanically obtaining the particular characteris- 
tics specified by the various types of logic elements. Here we will consid- 
er several popular ways of realizing digital logic elements with hardware. 





Relays and Switches 


The three basic logic functions — AND, OR, and NOT — can be readily 
implemented with relay contacts and switches. For example, Figure 
3-39 shows an AND gate made with relays. Here the normally open 
(N.O.) contacts of two relays labeled A and B are connected in series 
with a battery and a lamp. In this circuit, a closed relay contact and 
an ON lamp represent a binary 1. An open contact and an OFF lamp 
reprsent a binary 0. A zero voltage level represents binary 0 and a 
positive voltage level represents a binary 1 on the relay coil. You can 
see, for any of the four possible input combinations there is only one 
where the lamp will light. If either one or both of the relays are de-ener- 
gized, their contacts will be open and current will not be supplied 
to the lamp. However, if voltage is applied to both relay coils, both 
contacts will be closed and a binary 1 (ON lamp) output will occur. 
Contacts A and B must be closed to light the lamp. Series connected 
switches usually perform the AND function. 


AIN.O.) BIN. OQ.) 
p P 





A B 
Figure 3-39 


iH 


Relay AND gate. 


Figure 3-40 shows an OR gate made with relays. The normally open 
relay contacts are connected in parallel. Here you can see that when 
a binary 1 voltage level is applied to either or both relay coils the 
D or E contacts will close, thereby supplying voltage to the lamp. An 
input to either relay D or E will close the circuit and turn on the 


lamp, representing a binary 1. Parallel connected contacts usually 
perform the OR operation. 
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E RID + 
= = Figure 3-40 


D E Relay OR gate. 


A relay logic inverter circuit is shown in Figure 3-41. Here a relay 
with normally closed (N. C.) contacts is used. With a binary 0 (zero 
volts) applied to the relay coil, the relay is de-energized and the con- 
tact is closed representing a binary 1. This connects the battery to the 
lamp causing it to light. Therefore, with a binary 0 input the output 
is binary 1. Applying a binary 1 voltage level to the relay coil will 
energize the relay and open the contacts. This will cause the lamp 
to go off indicating a binary 0. 


(N. C.) 


| 
l A 


i Figure 3-41 


Relay inverter. 


TI 





These relay switching circuits can be combined in many ways to 
form any logic function. In addition, manually operated switches can 
also be substituted for the relay contacts in some applications. Such 
relay or switch logic circuits are not often used today. Such circuits 
are large, slow in operation, and consume a significant amount of 
power. For most applications they are not practical. The very earliest 
of digital equipment, including some computers, were implemented 
with relays. However, many other different types of logic circuits are 
available now and these have many significant advantages over re- 
lays. There are still a few practical uses for relay and switch logic cir- 
cuits. In some heavy industrial control systems where speed and 
power consumption is of little importance, relay logic circuits can 
handle high power applications and are very reliable. There are some 
applications where a mechanical means of operating the switches is 
available, thereby making mechanical or manual switching logic nec- 
essary or desirable. 
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Discrete Component Logic Circuits 





A discrete component logic circuit is a logic element made up of indi- 
vidual electronic components such as transistors, diodes, resistors, 
capacitors, and other devices. These are assembled to form a complete 
circuit like the diode gates and inverter described earlier. For many 
years digital logic circuits were implemented with discrete compo- 
nents. They offered small sized, high performance, and reasonable 
power consumption. However, today such discrete component circuits 
are rarely used. Like relay and mechanical switching logic circuits they 
have essentially been replaced by logic elements with greater perfor- 
mance, lower cost, and improved features. You may still encounter 
discrete component logic circuits in some high power applications or 
in older digital equipment. Today, however, most digital logic functions 
are implemented with integrated circuits. 


Integrated Circuits 


An integrated circuit (IC) is a semiconductor device which combines 
transistors, diodes, resistors, and capacitors in ultra-miniature form on 
a single silicon chip. The advances in semiconductor technology have 
permitted the semiconductor manufactures to design, develop, and pro- 
duce entire electronic circuits on a single silicon wafer that is generally 
less than one tenth of an inch square. These circuits are not only sig- 
nificantly smaller in size than discrete component logic circuits, but 
also offer many other benefits as well. Because they are mass produced, 
their cost is substantially less than discrete component circuits. Many 
offer significant savings in power consumption. Perhaps even more im- 
portant is the elimination of the need for circuit wiring. When discrete 
components are used the components must be interconnected phys- 
ically on a printed circuit board and then tested. With an integrated 
circuit the entire circuitry, all components included, are manufactured 


simultaneously. Manufacturing costs are reduced and reliability is im- 
proved. 
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Integrated circuits have been in existence since the late 1950’s. During this time 
significant advances have been made. The complexity and sophistication of the 
circuits have increased significantly while the prices have continued to decline. 
Today, with integrated circuit techniques, it is not only possible to implement the 
basic logic elements, but also it is possible to fully integrate complete combina- 
tional and sequential circuits. Integrated circuits implementing the basic logic 
functions such as NAND, NOR, and flip-flops are known as small scale in- 
tegrated circuits (SSI). Complete functional circuits of either the combinational 
or sequential type such as counters and decoders are generally designated as 
medium-scale integrated circuits (MSI). Complete circuits and systems, an entire 
computer memory for example, can also be constructed on a single chip and are 
known as large-scale integrated circuits (LSI), and even higher density circuits 
are also available. An entire microcomputer with CPU, memory, I/O, and related 
circuits can be obtained as a single integrated circuit. A complex device such as 
this is usually referred to as very large scale integrated circuit (VLSI). 





Today most digital equipment is implemented with integrated circuits. This 
course emphasizes digital integrated circuits, their operation and application. 
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a . Self Test Review 


o—e VP o—_ eo 
34. Write the logic equation of the relay logic circuit shown in Figure 
3-42. 
Z= 





35. Write the logic equation of the relay logic circuit shown in Figure 
3-43. 


= 36. Draw a relay logic diagram for the function J = LK. 
37. Draw a relay logic circuit for the function D= A'B +C 


ili 


Figure 3-42 
38. Some relay and discrete component logic circuits are still used 
Circuit for Self-Test , ete 
Review Question 34. in some applications requiring 
je a. high speed 
b. low cost 
K (N.0.) c. small size 


d. high power 
39. The basic logic functions NAND, NOR, etc., in IC form are known 





L (N. C.) as: 
a. SSI 
T b. MSI 
= = c. LSI 
Figure 3-43 d. discrete 





Circuit for Self-Test 
Review Question 35. 





Answers 
LIN. O.) KIN. C.) 
34. Z=W°X.Y 
35. M=J+K+L 
— LE 36. See Figure 3-44. 
| 37. See Figure 3-45. 
= = 38. (d) high power 
Figure 3-44 39. (a) SSI small scale integration 
Answer to Question 36. 
A (N.0.) BN.O.} 
——e D 
CIN. C.) 


| Figure 3-45 


= Answer to Self-Test 
Review Question. 
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EXPERIMENT 2 


Logic Inverter 


OBJECTIVE: To demonstrate the operation and 
characteristics of typical discrete 
component and integrated circuit 
logic inverters. 


Materials Needed 


1 —MPSA20 transistor (417-801) 
2 —1k0 resistor 

2—4.7 k resistor 

1 —SN74LSO4N TTL hex inverter integrated circuit (443-755) 
Heathkit ET-3200 Digital Design Experimenter 

DC Voltmeter 






MPSA20 
417-801 





Procedure = Figure 3-46 


1. Wire the circuit shown in Figure 3-46. The input is derived from 
logic switch SW1. You will measure the output state with your 
voltmeter and observe it on LED indicator L1. 


2. Measure the inverter input and output voltages V; and Vo with re- 
spect to ground for both positions of data switch SW1. Record 
your data in Table I. 














NOTE: 
The schematic diagram used to represent the logic indicators on the 
ET-3200 Digital Design Experimenter is shown below. 


INTERNAL 
LED DRIVER 


y CIRCUIT LED 








The inputs are labelled L1, L2, L3, and L4. The inverter symbol rep- 
resents the internal LED driver circuit and not an external inverter. 
When the input is open or grounded, the LED is off. When the input 
is positive, the LED is on. 





3-36 UNIT THREE 


TABLE I 


DOWN 





3. From the data in Table I, answer the following questions. 
a. Does the circuit perform logic inversion? WSS 
b. What are the two output logic voltage levels assuming positive 
logic? 
binary 0 
binary 1 —————— o o o 
c. Make a truth table from the data in Table I. Use positive logic 
and assume the circuitinputis A. 


4. Disconnect the 4.7 kQ base resistor from input SW1 and let it hang 
free. Measure the output voltage Vo. Vo= ———— ~ — Ž . 
With an open input, the output is binary ———— . An open 
input has the same effect as a binary ——— ~~ — input. 
(Use positive logic.) 

5. Connect the free end of the 4.7 kO base resistor to the CLK output and 
set the clock frequency to 1Hz. Connect LED indicators to the circuit 
inputs and outputs as shown in Figure 3-47. Observe the operation of 
the circuit by watching the LED indicator states and their relationship 
to one another. The circuit output is always the ______ of the 
input. 





+5V 


RA:1K 


c AF 
DHe 


LED 





IH7 


CLK B: <q 


L2 417-801 


\/ F 
ol 


Figure 3-47 

















6. Modify your circuit as shown in Figure 3-48. Here you are cascading 
two inverter circuits. You will monitor the input on LED indicator L2 
and the output of the second inverter on LED L1. Observe the input 
and output states as the 1 Hz clock operates the circuit. 


If the input to the circuit in Figure 3-48 is binary 1, the output will 
be binary _____.. If the output is binary 0, the input must be binary 


sad 4 LED 


(Hz) 4.7K 
MPSA20 - 
N 417-801 = 


L2 


Yy 


LEO Figure 3-48 


ee 


Discussion of Steps 1 Through 6 








In Steps 2 and 3 you demonstrated inverter action. With input Vo 
equal to zero volts, (SW1 down), the emitter-base function is not for- 
ward biased so the transistor does not conduct. The output voltage 
Vo is +5 volts as seen through the 1K collector resistor. With +5 
volts input (SW1 up), the transistor is saturated and the output vol- 
tage is about .1 volts. Inversion is performed. The positive logic levels 
are binary 0= .1V and binary 1= +5 volts. The logic truth table you 
constructed for this circuit should appear as shown in Table II below. 


TABLE II 





D 
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Figure 3-49 


Typical 14- and 16-pin DIP 
ICs showing pin numbering schemes. 





Figure 3-50 


Top view of 74LS04 hex inverter 
IC showing pin assignments. 





Figure 3-51 


The input and output are complementary. 


In Step 4 you disconnected the inverter input and left it open. With 
this condition, no forward bias is applied to the transistor so it does 
not conduct. The output voltage at the collector is +5 volts or binary 
1. Therefore, an open input produces the same effect as a binary 0 
input. 


In Step 5 you further demonstrated logic inverter action. The 1 Hz 
clock was used to drive the inverter. You observed the input and out- 
put states on the LED indicators. You should have found that the 
input and output states were always the opposite of one another or 
complementary as indicated by L1 and L2 which alternately switch 
on and off at a 1 Hz rate. 


In Step 6 you cascaded two inverter circuits and observed their oper- 
ation. You should have found that the output of the second inverter 
is the same as the input. One inverter cancels the effect of the other. 
The output state is the same as the input state when an even number 
of inverters is cascaded. 


Integrated Circuit Hex Inverter 


In the steps to follow, you will be using a typical TTL (transistor transis- 
tor logic) integrated circuit (IC) to demonstrate inverter action. This IC 
and all others supplied in this program are housed in a plastic dual in- 
line package (DIP) as shown in Figure 3-49. Both 14- and 16-pin versions 
are available. Note the way in which the pins are numbered. A notch or 
dot (indentations, etc.) is used to designate the location of pin 1. 


Figure 3-50 shows the logic diagram and physical pin connections (pin 
out) on the SN7404N (or simply 7404) hex inverter IC. This IC contains 
six identical and independent logic inverters. The inputs and outputs are 
identified by pin number. In the diagrams used in these experiments the 
package outline will not be shown. Instead, only the inverter symbol 
with pin number labeling will be given. See the example in Figure 3-51. 
In an experiment, if no pin numbers are given you can use any inverter 
you want. Not all of the inverters in the IC will be used in every experi- 
ment. Simply ignore those not used. 


Refer to the instruction manual of your ET-3200 Digital Design Experi- 
menter for details on installing the IC on the breadboarding socket. The 
IC should straddle the center notch and all pins should be seated firmly. 
The pins are delicate, so be careful when installing and removing the IC. 
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After the IC is installed, connect the power (Vcc) and ground leads. The 
supply voltage for the 7404 TTL IC is +5 volts and is applied at pin 14. 
Ground (GND) is connected to pin 7. Check the power and ground pin 
assignments for each IC you use as they vary from one type to another. 


Procedure (continued) 


7. Mount a 74LS04 hex inverter IC (part number 443-755) on the bread- 
boarding socket and connect pin 14 to +5 volts and pin 7 to ground 
(GND). 

8. Connect one of the inverters as shown in Figure 3-52. The input will 
come from logic switch SW1 and the ouput will be displayed on in- 
dicator L1. 


1/6 74.504 





LED Figure 3-52 


9. Apply the logic voltages to the input as shown in Table III and meas- 
ure the corresponding output voltages. Record in Table III. 





Does the circuit invert? ———-____ 

What are the output logic levels for positive logic? 
binary 0 __ Ss ~ volts 
binary 1 —W_- SE sssSSS—SSSSSS:Co its 


10. Remove the connection between pin 1 of the IC and SW1 so that the 
inverter input is open. Measure the output voltage. With the input 


open, the output voltage is _______ vo ts, or for positive logic, 
a binary ______.. This means that an open input has the same ef- 
fect as a binary _______ input. 





11. Wire the circuit shown in Figure 3-53. How many inverters are 
cascaded? 


SS a ee eg ee a 


SW] 1 4 6 8 10 | 4 
i De D > pen ere he 





Ll 
@® 
LED 
E Figure 3-53 
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12. Set SW1 to binary 0 then binary 1 noting the output state for 
each input. 

13. Modify your circuit to connect the L2 input of the LED indicator 
to pin 8 of the IC. 


How many inverters are cascaded? 
14. Apply binary 0 and binary 1 to the circuit with SW1 again noting 
the corresponding output state. 
When an odd number of inverters are cascaded, the output is 
a. the same as 
b. opposite 


the input. When an even number of inverters are cascade, the 
output is 

a. the same as 

b. opposite 
the input. 


Discussion of Steps 7 Through 14 


In Steps 7, 8, and 9 you connected an integrated circuit inverter and 
evaluated its operation. With zero volts (binary 0) in you should have 
measured about + 3.5 volts output (binary 1). With +5 volts input (bi- 
nary 1) you should have measured about +.2 volts output (binary 0). 
Even with unequal input and output voltages, the circuit still performs 
logic inversion. 


In Step 10 you determined the effect of an open input. With no input 
connection, the output is +.2 volts or binary 0. Since the input and 
output of a logic inverter are always complementary, the open input 
must be acting like a binary 1. 


In Step 11 you cascaded 5 inverters. You should have found in Step 
12 that the output was the complement of the input. Next, in Step 
13, you monitored the output of the fourth inverter in the chain. In 
Step 14 you demonstrated that the input and output were the same. 
From this data, you can conclude that in a chain of inverters an odd 
number produces a complementary input and output, while with an 
even number of inverters, the input and output will be the same. 
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EXPERIMENT 3 
Diode Logic Gates 
OBJECTIVES: To demonstrate the operation and 
characteristics of diode AND and 
OR gates. 
Materials Needed 


2—1N4149 silicon diodes (#56-56) 
1—1K ohm resistor 

1—10Kohm resistor 

1—DC Voltmeter INPUTS 
1 — ET-3200 Heathkit Digital Design Experimenter 








1N4149 
26-56 DIODES 


OUTPUT 
Procedure 


1. Wire the circuit shown in Figure 3-54. The inputs A and B come from 
data switches SW1 and SW2. You will measure the output voltage 
C with respect to ground. 


2. Using data switches SW1 and SW2, apply the input voltages indi- 
cated in Table I to the logic gate. For each set of inputs, monitor the 
output voltage and record in Table 1. 

3. Using positive logic assignments, convert the voltage levels in Table 
1 into binary 1s and Os and transfer to Table II. 


Figure 3-54 





TABLE I TABLE II TABLE III 





cv [esv 


4. Study Table II and determine the logic function being performed. 
Logic Function 


5. Convert the voltage levels in Table I into 1s and Os using negative 
logic assignments and transfer to Table III. 
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6. Study Table III and determine the logic function being per- 
formed. 





Logic Function 


7. Modify your experiment circuit so that it appears as shown in 
Figure 3-55. One logic input will come from SW1. The other 
logic input will be a 1 Hz clock (CLK) signal. You will monitor 
the gate output with LED indicator L1 and the clock output on 








L2. +5V 
1K 
Ç 
SW] 
Ll 
CLK LED INDICATORS 
(1H2) 
- 
L2 n Ny, 


Figure 3-55 
-12V 








8. Set SW1 to Binary 0 (down). Note the output on LED L1. Then set 


SW1 to binary 1 (up). Again note the output on LED L1. Explain your 


INPUTS 10K 





results. 
sw] ENA SW1=0 , OutputC= 

SW1=1 , OutputC= —. 
Sw2 What logic function is the gate performing? 


E 9. Construct the logic gate shown in Figure 3-56. Again, data switches 


SW1 and SW2 will supply the logic inputs D and E, and you will 
Figure 3-56 measure the output voltage at F with a DC voltmeter. 
10. Apply the logic voltage levels indicated in Table IV to the circuit. 


Measure the output voltage for each set of inputs and record in Table 
IV. 


TABLE IV TABLE V TABLE VI 





11. Using positive logic assignments, convert the voltage levels in Table 
IV into binary 1s and Os and transfer to Table V. 


12. Study Table V and determine the logic function being performed. 
Logic Function 














13. 


14. 


15. 


16. 


17. 


Using negative logic assignments, convert the data in Table IV into 
binary Os and 1s and transfer to Table VI. 


Study Table VI and determine what logic function is being per- 
formed. 


Logic Function 


Modify your experimental circuit so that it appears as shown in Fig- 
ure 3-57. One input is from logic switch A. The other input is a 1 Hz 
clock signal you will monitor with LED indicator L1. You will ob- 
serve the clock output on LED indicator L2. 


-12V 


LOGIC SWITCH 


> 


LED INDICATORS 


oe 





CLK 
(1H,) 








Figure 3-57 


With logic switch A not depressed, the logic input to the gate is bi- 
nary ————— — (positive logic). Observe the gate output (L1) 
and clock (L2) signals. The gate output is ——____L__EE_ 
Depress logic switch A while observing the gate output. With A de- 
pressed the output is 

What logic function is the gate performing? 


Discussion 


In this experiment you evaluated two basic types of diode logic gates. 
You determined their electrical performance by applying logic voltage 
inputs and measuring the corresponding outputs. Then, using both posi- 
tive and negative logic level assignments, you determined the logic func- 
tions being performed. You also demonstrated several practical applica- 
tions of these basic logic gates. 


In Steps 1 through 6, you experimented with the gate in Figure 3-54. 
Your data in Table I, II, and III should appear as shown in Tables 
VII, VIII, and IX. 
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TABLE VII TABLE VIII TABLE IX 












From Table VII, you can see how the gate functions electrically. With 
either or both inputs at ground or zero volts, either one or both 
diodes conduct. The ouput, therefore, is the forward diode voltage 
drop of about .7 volts. When both inputs are +5 volts, neither diode 
conducts. The output is +5 volts as seen through the 1 kO resistor. 






With positive logic assignments of the voltage levels in Table I (+5 
volts =binary 1, OV or +.7V=binary 0), the gate performs the AND 
function as you should have deduced from Table II. The output is a 





A binary 1 only if all (both) inputs are binary 1. For all other input con- 
== ditions, the output is binary 0. This is the AND function. 
POSITIVE AND Next, you evaluated the gate using negative logic assignments (+5 
V= binary 0, OV or +.7V= binary 1). From Table III, you should see 
i that the OR function is being performed. The output is binary 1 (OV) 
J > if either one or both inputs are binary 1 (OV). 
NEGATIVE OR 


The logic gate in Figure 3-54 can perform both AND and OR opera- 
Figure 3-58 tions. It is a positive AND/negative OR gate. The logic symbols repre- 
senting these functions are indicated in Figure 3-58. 


In Steps 7 and 8, you demonstrated a common application of a logic 
gate. Here, the gate acts as control elements to pass or inhibit the 
clock input. This control is handled by the SW1 input. With this 
input binary 0, the gate output is binary 0. The clock is inhibited and 
does not appear at the output. LED indicator L1 should have been off, 
indicating this condition. LED indicator L2 monitors the clock, so it 
should follow the 1 Hz pulsations. 


With SW1 set to binary 1, the gate is enabled and the clock input is 
allowed to pass through to the output. LED indicators L1 and L2 
should follow one another. Clearly, the AND logic function is being 
performed. This type of control gating is very widely used in digital 
circuits. 
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In Steps 9 through 14 you demonstrated the logic gate in Figure 3-40. 
You applied OV and +5V input levels and measured the output for 
each combination to determine its electrical characteristics. Your re- 
sults in Tables IV, V, and VI should be as shown in Tables X, XI, 
and XII below. 





TABLE X TABLE XI TABLE XII 





With both inputs at zero volts, both diodes conduct and the output is the i k 
forward diode voltage drop of —.7 volts. If either one or both diodes con- E 


duct the output is the input logic level (+5 volts) less the forward drop 





of the conducting diode or approximately + 4.3 volts. PENER 
Transferring this electrical data into binary 1s and 0s, you completed Ta- 
bles V and VI. Studying Tables XI and. XII, you can see that with positive J > 
logic assignments (+4.3V or +5V= binary 1, OV or —.7V= binary 0), 
the circuit performs the OR logic function since the output is binary 1 NEGATIVE AND 
if either or both inputs is binary 1. With negative logic assignments . 

Figure 3-59 


(+4.3V or +5V= binary 0, OV or —.7V= binary 1), the gate performs 
the AND function. This gate is a positive OR/negative AND. The logic 
symbols representing these gate functions are shown in Figure 3-59. 


Again, you demonstrated the dual nature of a logic gate. Any logic gate 
can perform either the AND or OR function depending upon the logic 
level assignments. 


Finally, you demonstrated a useful application of an OR logic gate. In Fig- 
ure 3-57, two logic inputs, A and the 1 Hz clock, drive the gate. With logic 
switch A not depressed, its output is binary 0. The gate output follows 
the clock input. With A depressed, its output is binary 1. This turns on 
the output indicator and keeps it on as long as A is held down. When the © 
clock input is binary 1, the output is binary 1. When A is binary 1, the 
output is binary 1. The gate is performing the OR function. 
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EXPERIMENT 4 


Transistor Logic Gate 





OBJECTIVE: To demonstrate the operation and 
characteristics of a typical discrete 
component transistor logic gate. 


Materials Needed 


1 — MPSA20 transistor (417-801) 

1—1K ohm resistor 

2 — 4.7K ohm resistors 

DC Voltmeter 

Heathkit ET-3200 Digital Design eee 


Procedure 


1. Construct the circuit shown in Figure 3-60. The inputs A and B 
will come from data switches SW1 and SW2. You will monitor ne 
output on LED logic indicator L1. n 





+5V 


1K 





MPSA20 
417-801 


SW? B 4.7K 





Figure 3-60 
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2. Apply the four input combinations given in Table I and measure 
the output voltage at C for each. Record your results in the C col- 
umn in Table I. 


TABLE I 





3. Using positive logic level assignments, convert the data in Table 1 into 
a truth table using binary Os and 1s. Use Table II. 


TABLE II 





4. Study Table II and determine the logic function being performed. 
Logic function 


5. Using negative logic level assignments, convert the voltages in 
Table I into binary 1s and Os and complete Table III. 


TABLE Iii 





6. Study Table III and determine the logic function being performed. 
Logic function 
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Discussion 





The logic circuit in Figure 3-60 is called a resistor-transistor logic (RTL) 
gate. It is identical to a simple transistor inverter, but with two input base 
resistors. A positive voltage level applied to either or both of the inputs 
will saturate the transistor and cause the output to go low. With both in- 
puts near zero volts or ground, the transistor will be cut off and the output 
will be the supply voltage as seen through the collector resistor. This op- 
eration is completely defined by your truth table (Table I) and should ap- 
pear as shown in Table IV below. 


TABLE IV 





Using positive logic, your truth table (Table II) should be as indicated 
in Table V. 





TABLE V 





This defines the NOR function. The RTL gate acts as an OR gate fol- 
lowed by an inverter. 
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Using negative logic, your truth table (Table III) should appear as 
shown in Table VI. 


TABLE VI 





This is the NAND function. The gate performs the same function as 
an AND gate followed by an inverter for negative logic. 


This circuit can be used to implement any of the basic logic functions 
by combining a number of gates. Additional base resistors can be 
added as more inputs are required. By paralleling inputs or using a 
single input, the circuit is nothing more than a simple inverter. 


This type of logic gate was widely used in discrete component digital 
systems and a modified version of it is available in integrated circuit 
form. 
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UNIT EXAMINATION 





The purpose of this exam is to help you review the key facts in this Unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and answer all 
of the questions first before checking your answers. 


1. Which of the following is not one of the three basic logic elements? 
a. AND 
b. NAND 
c.OR 
d. NOT 
2. A decision-making logic circuit with multiple outputs are a function 
of its multiple inputs and internal circuitry is called a: 
a. logic element 
b. logic gate 
c. sequential circuit 
d. combinational circuit 
3. A logic circuit featuring flip-flop memory is usually designated a: 
a. storage element 
b. storage gate 
c. sequential circuit 
d. combinational circuit 





4. Draw switch contact logic circuits representing the equations: 
a.M = LeEeF 
b.X = P+R+S+T 

5. Three inverters are cascaded. The input is binary 1. The ouputis: 
a. binary 0 


b. binary 1 


6. Analyze the operation of the circuit in Figure 3-61 using 0 (binary 
0) and +5 volt (binary 1) logic levels. The circuit performs which 
logic function? 

a. NAND 
b. AND 
c.OR 


| d. NOR 


Figure 3-61 











Circuit for exam Question 6. 
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7. Write the name of each logic symbol in Figure 3-62. 





B C 








qa 











Figure 3-62 
Illustration For Question 7 


8. Fill in the logic function represented by the truth tables below. 


J 
tT] 
-rj 
scososen|? 








B 








epee fF O CO O 


pm O Or FP OC O 
ror orOorF Oo 


9. A NAND gate has eight inputs. How many different input combi- 
nations are possible? 


a. 8 
b. 16 
c. 128 
d. 256 





3-52 UNIT THREE 





10. Name the logic function indicated by each equation below. 
a K = BeHe D 
b. ORG = PHF+4N+S —— ~~ 
c. ADR = A0. ALS A2 __ SS m 
d. SNT =B ——— ~ 
e. BS = JTARW: ———— 
11. Refer to Figure 3-63. Draw the outputs you would expect from an 
AND gate and an OR gate with these inputs. 


© Ao UU UL 








INPUTS 
B | OLNI 
Figure 3-63 
Illustration For Question 11 
AND 
OUTPUT 
OR 
OUTPUT 





12. Analyze the operation of the circuit shown in Figure 3-64. Assume 
input levels of 0 (binary 0) and + 3.6 volts (binary 1). This circuit has 
the output equation: 


a. A+B 
b.AeB 


c.A*B 
d. A+ 


Oo 


T 3. 6V 
640 


OUTPUT 
6 






450 


A s+——e B (INPUT) 


(INPUT) 





Figure 3-64 


Figure For Question 12 
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13. A. The circuit in Figure 3-64 performs the positive logic function: 
a. OR 
b. NOR 
c. AND 
d. NAND 
B. The circuit in Figure 3-64 performs the negative logic function: 
a. OR 
b. NOR 
c. AND 
d. NAND 
14. With negative logic assignments, (open = binary 1, closed = bi- 
nary 0), series connected contacts perform the logic function: 
a. AND 
b. OR 
c. NAND 
d. NOR 


and parallel contacts perform the logic function: 
e. AND 
f. OR 
gy. NAND 
h. NOR 
15. Draw the logic diagrams showing how to implement the AND 
and OR functions with a NAND gate. 
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EXAMINATION ANSWERS 


1. b—NAND The three basic logic elements are AND, OR and NOT. 
2. d.—combinational circuit 

3. Cc.—sequential circuit 

4. See Figure 3-65 


A, +V A ~ A O 7 r ——> Wel EF 


ND) 
P 
B. R 
; XeP+R+S+T 
(OR) 


T 


Figure 3-65 
Solutions To Question 4 


5. a.—binary 0 


6. c.—OR The circuit in Figure 3-61 is a diode gate that performs 
the OR function with positive logic. 





7. A.—NOR 
B.—negative NAND 
C.—AND 
D.—inverter or NOT 
E.—OR 
F.—NAND 
G.—Negative NOR 

8. A—NAND 

B.—AND 
C.—NOR 


9. d.—256 2°=256 With eight inputs there are 256 possible different 
combinations, 00000000 through 11111111. 
10. a—AND 


b.—OR 
c.—NAND 
d.—invert 
e.—NOR 














11. See Figure 3-66 


i o CAT 
INPUTS i | 1 ot | i t 
i | I l | it 
| i If i ( | iol 
| | ! l | I I 
! | | | |i 
Por outta yo db ot tay 
1 | l i 
l ! | | | i 
} Í | | i T 
AND | | I i | | 
OUTPUT a n r 
ee ee er 1 
o o 1 | I ol 
| i | | l l 
OR 7 E f 
OUTPUT 
Figure 3-66 
Solutions To Question 11 
12. d—A+B 
13. A. b—NOR 
B. d.—NAND 
The circuit of Figure 3-64 is a resistor transistor logic 
(RTL) gate. If either or both inputs are +3.6 volts, 
the appropriate transistor conducts and the output 
is zero volts. If both inputs are zero, the output is 
+ 3.6 volts. The circuit performs the positive NOR 
function. 
14. b—OR 
e.—AND 


15. See Figure 3-67 


Figure 3-67 


Solution To Question 15 


Digital Logic Circuits 3- 99 


3-56 UNIT THREE 


APPENDIX 


Positive and Negative Logic 
Equivalent Circuits 


POSITIVE LOGIC NEGATIVE LOGIC 







TRUTH TABLE FOR TRUTH TABLE FOR TRUTH TABLE FOR 
POSITIVE LOGIC AND GATE NEGATIVE LOGIC 
AND OR 
A <Æ EQUIVALENT CIRCUITS —> 4 
POSITIVE AND NEGATIVE LOGIC OR 


Both gates provide a 1 output only when all inputs are 1. 


EXAMPLE 1. 


To convert to negative logic, invert all inputs and the output. 


A negative logic AND is a positive logic OR. 


+B=A+8= A+B 


> it 


>i 


EXAMPLE 2. 


A 
positive or 


To convert to negative logic, invert all inputs and the output. 


A oe ee A 
19 ee ii, £ r > 8 


A negative logic OR is a positivo logic AND. 
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EXAMPLE 3. 


A = a 
A+B=A 8 
B 


POSITIVE NOR 





To convert to negative logic, invert all inputs and the output. 


The two output inverters cancel each other. Thus, the symbol becomes: 


A negative NOR is a positive NAND. 


EXAMPLE 4. 


A 


POSITIVE NAND 





To convert to negative logic, invert all inputs and the output. 


Again, the two output inverters cancel and the symbol becomes: 


{>> 
{AD> 





PI 


A 
B = ) ee ii 


A negative NAND is a positive NOR. 
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EXAMPLE 5. 


INPUTS FROM 
TRUTH TABLE 
yg AFTER INPUT INVERTERS 


1010 0101 






oN 
1000 FINAL OUTPUT 


OR ed TOGETHER 
INPUT INVERTERS EXTENDED 
FOR ILLUSTRATION PURPOSES 


OD 40 
| 
> 
a 


; 
> i 
| 
co 0 
b 
Do 


SONE NEGATIVE LOGIC OR 
W 


NEGATIVE LOGIC 
TRUTH TABLE 


This circuit provides an output only when both inputs are active. From the 
truth table, you can see that the inputs are active low. Thus, the term nega- 
tive logic means active low. 








POSITIVE LOGIC NEGATIVE LOGIC 
FUNCTION SYMBOL FUNCTION SYMBOL 
A A ="“- = = ki 
AND B ae SAME AS OR 8 ALETA P= 
A f 2 A B=A+B= A+B 
OR 3 ae SAME AS AND 3 
= A BEA+R 2 A+B 
3 + 
NANO ș A ATASE  SAMEAS NOR 8 
A Ksa: = ie 
NOR; actA 8 SAMEAS NAND oq 4 
A A A A 
NOT SAME AS NOT 


DE MORGAN EQUIVALENT CIRCUITS 














Unit 4 


DIGITAL INTEGRATED 
CIRCUITS 
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INTRODUCTION 





All modern digital equipment is constructed with integrated circuits. A 
study of digital techniques, therefore, is a study of digital integrated cir- 
cuits and their application. Because of integrated circuits, digital equip- 
ment can be analyzed and designed almost entirely at a conceptual logi- 
cal or systems level as opposed to an electronics or circuits level. Digital 
integrated circuits are, in the true sense of the word, building blocks 
which are used to construct digital equipment. Previously, the designer 
of digital equipment had to design not only the logic involved but also 
the electronic circuits necessary to implement that logic. With integrated 
circuits, the designers job is primarily that of selecting commercially 
available devices and applying them to his specific application. No 
knowledge of electronic circuit design is necessary to the understanding 
and use of most digital techniques. However, by understanding the basic 
components and circuits used in modern digital integrated circuits your 
ability to work with and use them will be greater. 


In this unit you will study the basic components and circuits used in the 
most common types of digital integrated circuits. The information in this 
unit will help you to analyze the operation of digital circuits and will 
help you to select a type of integrated circuit for a specific application. 
Look closely at the Unit Objectives that follow to determine the specific 
knowledge and skills you will have when you complete this unit. Then 
follow the steps in the Unit Activity Guide, recording the time you spent 
on each activity. 
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UNIT OBJECTIVES 


When you complete this unit, you will have the knowledge and skills in- 
dicated below. You will be able to: 


1. 


Name the two basic types of semiconductor switching elements used 
in digital circuits. 


. Define the four basic logic circuit characteristics of propagation delay, 


power dissipation, noise immunity and fan out: 


. Name and visually indentify the three basic types of digital IC pack- 


ages. 


4. Name four distinct families of digital ICs. 


. Explain the difference between current source and current sink types 


of logic circuits. 


. Describe the detailed operation and capabilities of TTL, ECL, MOS, 


CMOS, and IIL integrated circuits given a schematic diagram of the 
circuit. | 


. Select a type of digital IC to implement a given application for op- 


timum performance and economy. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 


Read ‘‘Logic Circuit Characteristics.” 
Answer Self Test Review Questions 1-6 
Read ‘“‘Integrated Circuits.” 

Answer Self Test Review Questions 7—12. 
Read “Transistor Transistor Logic.” 
Answer Self Test Review Questions 13—20. 
Read “Emitter - Coupled Logic.” 


Answer Self Test Review Questions 21-25. 


0 0ü ü ü O ü UO a 


Read ‘‘Metal Oxide Semiconductor 
Integrated Circuits.” 





Answer Self Test Review Questions 26-31. 
Read “Integrated Injection Logic.” 


Answer Self Test Review Questions 32-35. 


Oo oO ü 0O 


Read “‘Selecting a Digital Integrated Circuit 
for a Specific Application.” 


Answer Self Test Review Questions 36—38 
Perform Experiment 5. 
Perform Experiment 6. 


Complete the Unit Examination. 


OO OO 0 


Review the Examination Answers. 
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LOGIC CIRCUIT CHARACTERISTICS 





There are many different types of digital integrated circuits available to 
implement digital equipment. Both saturated and unsaturated bipolar 
transistors as well as MOSFETs are used to implement a variety of logic 
circuits. Each type or family of digital integrated circuits has its own spe- 
cial capabilities and limitations. Their characteristics vary widely and 
the optimum circuit to use in a given application depends upon specific 
needs and requirements. 


Some of the most important characteristics of digital integrated circuits 
are logic levels, propagation delay, power dissipation, noise immunity, 
and fan out. By understanding the meanings of these characteristics you 
can quickly compare, contrast and evaluate different IC logic families. 


Logic Levels 


Logic levels are the voltage values assigned to the binary 1 and binary 
O states for a given type of digital integrated circuit. Nominal values 
for the two levels are generally given, but in practice, the actual voltage 
levels may vary somewhat because of internal component tolerances, 
power supply variations, temperature, and other factors. Generally, the 
manufacturer will list maximum and minimum acceptable voltage 
values for the binary 0 and binary 1 levels. 





It is important to know the logic levels for a given type of integrated 
circuit so that when you are working with the equipment you can read- 
ily identify input and output logic states by measuring the logic levels 
with a voltmeter or an oscilloscope. A knowledge of the logic levels 
will permit you to analyze the operation of a circuit or determine 
whether it is functioning properly. 


Propagation Delay 


The propagation delay is a measure of the speed of operation of a logic 
circuit. Speed of operation is one of the most important characteristic 

of a digital circuit. For most digital applications high speed operation 
is beneficial. 


Propagation delay is the amount of time that it takes the output of 
a digital circuit to respond to the input level change. It is the accumula- 
tion of all of the rise times, delay times, and storage times associated 
with any logic circuit. When the input voltage changes from the binary 
0 to binary 1 or from the binary 1 to binary 0 levels, the output of 
the logic circuit will respond at some finite time later. 














Figure 4-1 illustrates propagation delay. Shown here is the input to 
a digital circuit and the corresponding output. The circuit could be 
an inverter, a NAND gate, or a NOR gate. A binary 0 to binary 1 transi- 
tion causes a binary 1 to binary 0 transition at the output. Note that 
the output transition occurs a specific time after the input transition. 
This is the propagation delay. The propagation delay (tp) is generally 
measured between the 50 percent amplitude points on the correspond- 
ing leading and trailing edges of the input and output pulses. Note 
also that there are also two types of propagation delay, the propagation 
delay occurring when the output changes from high to low (tp) and 
the propagation delay that occurs on the low to high output transition 
(tpu). Because of the characteristics of the logic circuit, the propagation 
delays for the two types of level changes are generally different. They 
are of the same order of magnitude and close in value but nevertheless 
unequal. 


LEADING EDGE 





TRAILING EDGE 
BINARY 1 —— 99% /—~~~—~—~~~~_— 


BINARY ] 


OUTPUT 


BINARY 0 


Figure 4-1 


Propagation Delay. 


The rise and fall times of the input and output pulses are another impor- 
tant consideration. The rise time (t,) is the time it takes the pulse to rise 
from 10 percent to 90 percent of its maximum value. The fall time (ts) is 
the time it takes for the pulse voltage to fall from 90 percent to 10 percent 
of its maximum value. : 


Digital Integrated Circuits 4-1 
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For most modern digital integrated circuits propagation delays are very 
short but finite. Propagation delays as low as 500 picoseconds are achiev- 
able. Some types of modern logic circuits have propagation delays as 
high as several hundred nanoseconds. Rise and fall times are usually less 
than the propagation delays. Because of manufacturing tolerances, cir- 
cuit wiring and other factors, propagation delays can vary considerably 
from their nominal indicated value. In addition propagation delays are 
additive. When gates and other combinational logic circuits are cas- 
caded, the propagation delays accumulate. If there is more than one level 
of logic, the total propagation delay from input to output is simply the 
sum of the individual gate propagation delays. 





Power Dissipation 


Another important characteristic of digital logic circuits is power dissi- 
pation. This is a measure of the amount of power consumed by the com- 
ponents in a typical logic gate or other circuit. Power dissipation, in mil- 
liwatts per logic gate, is an average value since the power consumption 
is usually different for the binary 1 and binary 0 output states. 


The amount of power dissipated by a logic circuit is a very important con- 
sideration in the design of any digital equipment. A high power dissipa- 
tion will mean high electrical energy consumption. Naturally, it is desir- 
able to conserve as much electrical power as possible since the cost of 
operation of the equipment is an important consideration. This is par- 
ticularly true of large scale digital systems such as computers. 





The total power dissipation of the digital circuitry will also determine 
the size and cost of the power supply. In addition, high power dissipa- 
tions mean high heat levels. In some instances special cooling require- 
ments may be necessary to ensure proper operation of the equipment. 
Power dissipation is particularly important in portable or battery oper- 
ated equipment. In order to reduce the cost of the battery and ensure long 
battery life, low power dissipation is desirable. 


Gate power dissipation runs all the way from microwatts for certain types 
of MOS circuits to as high as 60 to 100 milliwatts per gate for certain types 
of high speed nonsaturated logic. 
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f ` The Speed-Power Trade-Off 


Two of the characteristics that we have considered so far, namely, speed 
and power dissipation are directly dependent upon one another in all 
types of digital logic circuits. The relationship between these two charac- 
teristics is such that speed is proportional to power dissipation. The fas- 
ter a logic circuit switches the higher its power dissipation. In order to 
get high speed operation you must accept the penalty of high power dissi- 
pation. This trade-off or compromise between speed and power is one 
of the most important considerations that a digital designer must make 
in a selection of a type of logic circuit for a given application. High speed 
digital logic circuits use nonsaturating bipolar transistors. Because the 
transistors do not saturate, their emitter-collector voltage drops are 
higher. Combine this with the very low circuit resistance values to 
minimize charge and discharge times of stray capacitances and the result 
is high power consumption. 


MOS integrated circuits consume a very small amount of power. Their 
high impedance nature is partially responsible for this, however, this 
characteristic plus the built-in capacitances make for very slow switch- 
ing speeds. The result is that the frequency of operation is severely lim- 
ited. Nevertheless, the extremely low power consumption — on the order 
of nanowatts — makes MOS circuitry extemely desirable for portable and 
battery operation where high speed is not required. Other types of logic 
circuits fall between these two extremes. The speed-power trade off is an 
inherent compromise. 





You will sometimes see the speed-power relationship expressed with a 
number call the ‘‘speed-power product.’’ It is obtained by multiplying 
the propagation delay in nanoseconds by the power dissipation in mil- 
liwatts. The result is the speed-power product in picojoule. Joule is the 
unit of energy (power per unit of time) while pico means 107 **. For ex- 
ample, a logic gate with a propagation delay of 5 nanoseconds and power 
dissipation of 3 milliwatts has a speed-power product of 5X3 = 15 
picojoules. The lower the picojoule figure, the higher the quality of the 
circuit. 
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Noise Immunity 


Noise immunity is a measure of the susceptibility of a logic circuit to 
noise pulses on the inputs and output of a logic circuit. Noise is consid- 
ered to be any extraneous and undesired signal generated within the 
equipment itself or externally that is added to and appears superimposed 
upon the standard system logic levels. This noise can be a slowly varying 
dc level or very high frequency short duration voltage or current spikes. 
The noise may be either randomly occurring or repetitive. In any case the 
noise signals can cause the logic circuit to switch to an undesirable state 
at an improper time. 


All digital logic circuits have built-in noise immunity. Because of the 
voltage thresholds associated with the components and the circuit, most 
logic circuits are capable of rejecting noise spikes of a relatively high 
amplitude. The noise immunity of most logic circuits is from approxi- 
mately 10 to 50 percent of the supply voltage. This means that a noise 
spike occurring on a binary 0 or binary 1 level will be rejected if its 
amplitude is below a level that is 10 percent to 50 percent of the supply 
voltage. A circuit with a noise immunity of one volt, for example, would 
reject noise pulses that are one volt or less different from the nominal bi- 
nary 0 or binary 1 logic levels. In some cases, noise is rejected by the logic 
circuit by virtue of its slow response. Some noise is high frequency in 
nature and noise pulses are of such short duration that the logic circuits 
cannot respond fast enough to cause a logic state change. 





Noise immunity is an important consideration of digital logic circuits 
since most digital systems generate a substantial amount of noise during 
high speed switching. In addition, much digital equipment is used in 
noisy industrial environments where transients from the power line and 
other electrical equipment can cause false triggering of the logic cir- 
cuitry. When selecting a particular digital integrated circuit for a logic 
application, noise immunity is an important consideration. 
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Fan Out 


Fan out is a characteristic that indicates how much of a load can be con- 
nected to the output of a digital circuit. Fan out is generally expressed 
in terms of the number of standard size loads that a logic gate output can 
accommodate and still maintain proper operation at the nominal logic 
levels, speed, temperature range and other factors. Because of the compo- 
nent limitations and circuit configuration naturally there is a limit to the 
number of loads that can be connected to a logic circuit. A typical logic 
gate, for example, may have a fan out of ten, indicating that ten separate 
gate inputs can be attached to the output of this logic circuit and still 
maintain proper operation according to the manufacturer’s specifica- 
tions. 


An important factor that has an affect on fan out of a logic gate is the cur- 
rent that flows into or out of the logic gate during the low and high status. 
In the following discussion, the conventional theory of current flow is 
used (current flow from plus to minus) because it demonstrates the prin- 
ciples of sinking and sourcing much clearer than electron flow. 
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Figure 4-2A shows the totem pole output stage of a TTL IC connected to 
a TTL input. When the output is logic low, Q2 conducts and Q, is turned 
off. In this condition, the low impedance of Q2 is between the load(s) and 
ground. This is the current sinking mode of operation. Using conven- 
tional current flow, current flows out of the emitter of the load to ground 
through sink transistor Q2. When the output is a logic high, Q, is conduct- 
ing and Qz is turned off. This is the current sourcing mode of operation. 
Using conventional current flow, current flows from Vcc through Q; to 
the input emitter of the load. The magnitude of the current that flows dur- 
ing the logic high and low states is specified by the manufacturers and 
determines the fan out characteristics. 
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Figure 4-2A 


Totem Pole TTL output driving a TTL input 
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For example, in the current-sinking mode, Q2 of gate 1 must be able to 
sink current Iz; from each attached load. According to the TTL specifica- 
tion chart in Figure 4-2B, Irz is 1.6ma for each standard TTL load. If the 
total sink current through Q2 exceeds the 16ma (loz) shown in Figure 4- 
2B, the output voltage low will no longer be at 0.4 volts or less. The values 
shown in Figure 4-2B are for a standard TTL gate. The current values of 
loz and lop are worst case values which determine fan out. 







LOGIC 1 STATE LOGIC O STATE 








loH" WILL SOURCE NO 


lo, -WILL_SINK NO 
LESS THAN 400UA 


MORE THAN 16 MA 


VoH-2-4V OR HIGHER | Vo, -0.4 VOLTS OR LESS. 


NH-NO GREATER THAN IL- WILL SOURCE AT 


LEAST 1.6 MA 





Vin-2VOLTS OR HIGHER | Vi- NO GREATER THAN 


0.8 VOLTS 


Figure 4-2B 


Standard TTL 
worst case specifications 


To simplify interconnection between different types of logic gates, man- 
ufacturers quote a normalized or standard load which is: 


¢ Ing = 40a maximum, 1 TTL unit load (U.L.) in logic 1 state. 
¢ I7, = 1.6mamaximum, 1 TTL unit load in logic ‘‘O”’ state. 


For example, if gate 2 of Figure 4-2A is a 7400 gate, which has, according 
to the manufacturer’s data sheet, a maximum Iy, of 1.6ma and an Iz, of 
40a, then gate 2 would have an input load factor of 1 U.L. (also known 
as a fan-in of 1). If gate 1 of Figure 4-2A is a 7400, it will sink 16ma in 
the low state and source 800,,a in the high state. 
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The output drive factors are: 








16 ma 
Output low ema ~ 10 ULL. 
, 800 pa _ 
Output high 40ua - 20 U.L. 


This means that gate 1 of Figure 4-2A has a fan out of 10. This means 
it is capable of driving an additional 9 gates that have a fan in of 1, 
or any number of gates of other fan in values, but not exceeding the 
fan out value of 10. 
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Self Test Review 





1. The mostimportant logic circuit characteristics are: 


oP TP 


2. Typical propagation delay range for modern digital integrated cir- 
cuits is 
a. 1 to 100 milliseconds. 
b. 1 to 100 microseconds. 
c. 1 to 100 nanoseconds. 
d. 1 to 100 picoseconds. 
3. Decreasing the propagation delay of a logic circuit generally results 
in an increase in 
a. power dissipation 
b. fan out 
c. noice immunity 
d. package size 


4. Increasing the number of loads on the output of a current source type 
logic circuit causes the binary 1 output level to 


a. increase. 





b. decrease. 
c. remain the same. 
5. Increasing the load on a current source type logic circuit causes more 
current to be drawn through the 
a. collector resistor 
b. output transistor 


and in current sinking logic increasing the number of loads causes 
more current to be drawn through the 
c. collector resistor. 
d. output transistor. 
6. A logic circuit with a noise immunity of 40 per cent is better in reject- 
ing noise than one with 10 per cent. 
a. True 
b. False 
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Answers 


. Logic levels, propagation delay, power dissipation, noise immunity 
and fan out. 


. (c)1to 100 nanosecond (1 nanosecond = 107° second) 


. (a) power dissipation 

. (b) decrease 

. (a) collector resistor 
(d) output transistor 

. (a) True 











_ Digital Integrated Circuits 4-17 


INTEGRATED CIRCUITS 





Since all modern digital equipment is made up of integrated circuits, you 

‘should be familiar with the various types. In this section you are going 
to learn how integrated circuits are classified and something about their 
physical characteristics. You will also learn of the most popular families 
of integrated circuits used in digital equipment today. 


Integrated circuits are classified in three basic ways: by method of man- 
ufacturing, by application and by function. Let’s briefly consider each of 
these type of classifications. 


Manufacturing Methods 


There are four basic ways of making integrated circuits. The most widely 
used method is called monolithic. Other types of manufacturing 
methods include thin film, thick film, and hybrid. 


Monolithic. A monolithic integrated circuit is one that is constructed en- 
tirely on a single chip of silicon semiconductor material. Semiconductor 
materials are diffused into the basic substrate or base material to form the 
various junctions making up components such as diodes, transistors and 
resistors. The semi-conductor materials to be diffused into the substrate 
are in gaseous form and are deposited on the substrate through a series 
of masking operations under very high temperature. The result is that the 
entire circuit, all components and interconnections, are on a single base, 

, thus the term monolithic. Most integrated circuits are constructed using 
this monolithic technique. 





There are two basic forms of monolithic integrated circuits: bipolar and 
MOS. Here the difference is primarily that of the type of transistors used 
in constructing the circuits. Bipolar circuits which can be either saturat- 
ing or non-saturating are by far the most widely used. But MOSFET cir- 
cuitry is becoming more popular. The MOS circuitry is easier to make 
and takes up less space; therefore, much more circuitry can be placed on 
a silicon chip of a given size. The simplicity of the components also 
makes the manufacturing yield much higher. The result is that MOS cir- 
cuits can be constructed with higher density and at lower costs. 
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Thin and Thick Film Techniques. Thin and thick film integrated circuits 
are manufactured by depositing certain materials on a non-conducting 
base such as ceramic. Through a series of masking procedures, various 
resistive and conducting materials are deposited on the base or substrate 
to form resistors, capacitors, and inductors. Semiconductors are not usu- 
ally manufactured in this way. Thin and thick film techniques are 
primarily used for manufacturing passive networks such as attenuators, 
filters, phase shift networks and the like. Because such networks can be 
made extremely small, they offer the same advantages over discrete com- 
ponent circuits as do monolithic integrated circuits. Another advantage 
is that component tolerances can be closer than equivalent components 
made by monolithic techniques. For high quality precision circuits, thin 
and thick film techniques are preferred. 





Hybrid Circuits. A hybrid integrated circuit is made up of a combina- 
tion of monolithic, thin film or thick film circuits. Any number of com- 
binations are considered to be hybrid. A hybrid integrated circuit may 
consist of multiple monolithic chips interconnected in a single package. 
Another example of a hybrid is a monolithic. circuit combined with 
a thin film or thick film passive network. Sometimes monolithic circuits 
and thin film or thick film circuits are also combined with individual 


semiconductor component chips to form a special high grade circuit 
for an unusual application. 





Hybrids offer the advantage that a variety of different integrated circuits 
and components can be combined to offer special advantages not avail- 
able in individual types of integrated circuits alone. For example, be- 
cause of the ultra small size of a monolithic circuit, power dissipation 
is limited. In order to handle high power requirements, it may be neces- 
sary to combine a low power monolithic circuit with a power transistor 
mounted on a separate chip, but physically interconnected within the 
same package. High precision circuit requirements might be met by a 
combination of a monolithic circuit and a highly accurate thin film net- 
work. Because more than one type of technique is involved, and the com- 
plication of the interconnections that are necessary, hybrid circuits are 
more complex and expensive than other types. However, they do offer 
the designer a wide range of capabilities while still maintaining the ultra 
small size and other benefits generally associated with integrated cir- 
cuits. Hybrids are often used where it is necessary to combine analog 
(linear) and digital circuits. 
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Application 


Another method of classifying integrated circuits is by their application. 
Primarily, this is a means of distinguishing between linear and digital 
circuits. Digital integrated circuits, of course, work with logic levels, 
pulses and binary data. Such switching circuits use either bipolar tran- 
sistors or MOSFETs. Linear integrated circuits usually involve 
amplifiers of some kind and work with analog signals. They are con- 
structed with bipolar transistors. 


The chart in Figure 4-3 shows the basic integrated circuit hierarchy. 


INTEGRATED 
CIRCUITS 
THIN/THICK 
MONOLITHIC 
“ae monou am 
DIGITAL LINEAR 


Ai LINEAR 
DIGIT ( bipolar ) 
BIPOLAR 


TTL ECL PIL 






P or N 
CHANNEL 


Figure 4-3 


Hierarchy of integrated circuits. 
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Function 


There are four basic classifications that identify the function of a digital 
integrated circuit: small scale integration (SSI), medium scale integration 


(MSD), large scale integration (LSI), and very large scale integration 
(VLSI). 


SSI circuits are the simplest and most basic form of integrated circuits. 
These are amplifier or gate circuits that perform a single basic function. 
They must be interconnected externally in order to form complete func- 
tional or operational circuits. A typical SSI digital integrated circuit 
might consist of several multiple input gates or a flip-flop. 


Medium scale integrated circuits are more complex. MSI circuits involve 
multiple gates which are interconnected to form a complete functional 
circuit. Most MSI circuits contain twelve or more equivalent gates or cir- 
cuitry or similar complexity. An MSI circuit is usually a complete func- 
tional operating network such as a decoder, a counter or multiplexer. 
Such circuitry eliminates the need of having to interconnect individual 
gates in SSI packages to form the same function. MSI circuits greatly re- 
duce the number of integrated circuits in a system and thereby reduce 
cost, assembly time, and in some cases, power consumption. 


LSI circuits contain 100 or more equivalent gate circuits or networks of 
a similar complexity. LSI circuits are larger functional circuits or are the 
equivalent of multiple MSI circuits. An LSI circuit often forms a com- 
plete system or instrument. The major application of LSI circuits is in 
semiconductor memories which store binary data. However, there are 
many different types of complex LSI circuits including electronic cal- 
culators, computers and certain types of test instruments. 


VLSI circuits usually contain a thousand or more equivalent gate cir- 
cuits. Chips with this much circuitry can form complete systems. Ex- 
traordinarily large logic networks like these in super mainframe com- 
puters can be implemented with VLSI circuits. 
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Integrated Circuit Packaging 


A primary consideration to the integrated circuit user is the packaging 
and physical characteristics of integrated circuits. There are three basic 
methods of packaging the silicon chip. These are the TO5 can, the flat 
pack, and the dual in-line package. These three basic types of packages 
are illustrated in Figure 4-4. 


TOS. The earliest form of package used for integrated circuits was the 
TO5 can. This is a standard configuration for packaging transistors. This 
same package was modified by including additional leads. This type of 
package is still available for some integrated circuits today, but it is not 
the most popular form. Its advantage is that it can dissipate a substantial 
amount of heat. For that reason, this package is used mostly with linear 
integrated circuits. 


Flat Pack. The flat pack was another type of housing used in the early 
development stages of integrated circuits. It is the smallest of all available 
integrated circuit packages and is designed for high density packaging. 
The packages are flat and are designed to be soldered or spot welded to 
a circuit board. Circuits can be placed close together and, therefore, a 
considerable amount of circuitry can be packaged in an extremely small 
area. Because of their ability to be packed so densely, these integrated cir- 
cuits are generally made of a ceramic material that can withstand high 
temperatures. Closely packaged circuits cause heating and cooling prob- 
lems. Therefore, the circuitry must be able to withstand such an environ- 
ment. Flat pack circuits are used primarily in critical-size applications 
such as avionics, high reliability military systems and special industrial 
equipment. 


DIP. The most widely used form of integrated circuit packaging is the 
dual in-line package (DIP). It is slightly larger than the other types avail- 
able, but it offers many advantages. Such circuits are easy to mount and 
use. They are designed to be adaptable to machine insertion on printed 
circuit boards. They are available in various sizes, all the way from an 
8-pin package (mini DIP) to a 64-pin package. Most SSI circuits are 
housed in 8, 14, or 16-pin dual in-line packages. MSI circuits are found 
in 14, 16, 18, 20, 22, and 24-pin dual in-line packages. LSI circuits, be- 
cause of their greater size complexity, require a greater number of input 
and output leads and, therefore, are usually housed in 24, 28, 40, and 64- 
pin packages. 


Hf 


FLAT PACK 





Figure 4-4 


Illustrations of typical TOS, 
flat pack and DIP ICs. 
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Several different types of dual in-line package materials are used. The 
most commonly used and least expensive is a plastic package. In this 
type of package, the integrated circuit chip is spot welded to a metal lead 
frame. The entire circuit is then encapsulated by an injection molded 
plastic technique. 





For some critical integrated circuits, several types of ceramic packages 
are used. These are capable of withstanding higher temperatures and are 
generally hermetically sealed to provide an extra clean and safe environ- 
ment for the circuit. 


Temperature Ranges 


Most integrated circuits are rated according to the range of temperatures 
over which they can operate satisfactorily. Most manufacturers generally 
specify both a military grade and a commercial or industrial grade cir- 
cuit. The military grade circuits can be packaged in TOS5 cans, ceramic 
flat packs, or ceramic dual in-line packages. These devices are capable 
of operating over a wide temperature range, usually from —55°C to + 
125°C. Circuits that perfrom properly over this wide temperature range 
are generally much more expensive. Such circuits are used only in high 
quality military equipment or in industrial equipment that is to be oper- 
ated in severe environments. oO 





For most general applications the commercial or industrial grade inte- 
grated circuits can be used. These are generally housed in plastic pack- 
ages and are capable of operating over the 0°C to 70°C temperature range. 
Other temperature ranges are sometimes specified for different types of 
integrated circuits. Check the manufacturer’s data sheet for specific in- 
formation on temperature ranges. 
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Self Test Review 


7. Most digital ICs are: 
a. Thin film. 
b. Thick film. 
c. Hybrid. 
d. Monolithic. 

8. The IC containing the most gates is: 
a. SSI 
b. MSI 
c. LSI 
d. VLSI 

9. A functional digital IC containing 50 gates is classified as: 
a. SSI 
b. MSI 
c. LSI 
d. VLSI 

10. The most popular IC package is the: 

a. TO5 can 
b. flat pack 
c. DIP 


11. The two types of DIP packaging materials are .____.____ and 


12. List the two temperature ranges of most digital ICs. 
Military 
Commercial/Industrial 
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Answers 





. (d) Monolithic. 

8. (d) VLSI 

. (b) MSI 

. (c) DIP 

. Plastic, ceramic 

. Military: —55°C to + 125°C 
Commercial/Industrial: 0°C to + 70°C 











ooo 


TRANSISTOR TRANSISTOR LOGIC 





There are many different types of integrated circuit logic elements used in im- 
plementing digital equipment. All of them perform the basic logic functions but 
have different characteristics, capabilities and limitations. Different types of 
digital logic circuits have been developed to meet special needs. Over the years a 
variety of circuits have emerged. 


One of the biggest and most important design decisions made by an engineer 
designing digital equipment is in the selection of a type of digital logic circuit. In 
this section we are going to discuss the most popular form of bipolar integrated 
circuit logic elements, transistor transistor logic. Non-saturating bipolar circuits 
and MOS digital integrated circuits will be considered in following sections. 


The most popular and most widely used type of digital bipolar IC is transistor 
transistor logic (TTL or T?L pronounced T squared L). Its popularity is primarily 
the result of its extremely low cost and the availability of a wide variety of SSI 
logic elements and MSI functional circuits. Its ease of use, high performance 
characteristics and interfacing capability are other features that make it desirable. 
A number of special types of TTL circuits are available to match special needs. 
Even though TTL integrated circuits have been available since the early 1960’s, 
this type of logic circuit continues to remain popular for use in new equipment 
designs. Most of the experiments you will perform in this program use TTL in- 
tegrated circuits. 
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Circuit Operation 


Figure 4-5 shows the circuit of a typical TTL logic gate. It operates from 
a single + 5-volt power supply and has typical logic levels of .4 volts for 
binary 0 (low) and 3.6-volts for a binary 1 (high). The circuit consists of 
three basic sections: a multiple emitter input transistor (Q1), a 
phasesplitter transistor (Q2), and a totem-pole output circuit consisting 
of transistors Q3 and Q4. The multiple emitter-base junctions of transis- 
tor Q1, along with R1, form a diode gate. The primary advantage of this 
arrangement over individual diodes is that higher speed operation can 
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A typical transistor-transistor 
logic gate. 


The phase splitter transistor (Q2) is a circuit that provides complemen- 
tary drive signals for the two output transistors. The output circuit con- 
sists of transistors Q3 and Q4. These transistors are stacked one upon the 
other. Thus, this arrangement is given the name totem-pole. Transistor 
Q3 is simply a shunt transistor switch. Q4 in this circuit essentially 
serves as an active load resistor for Q3. In some logic circuits, the collec- 
tor of the output transistor is returned through a collector resistor to the 
supply voltage. This collector resistor is known as a pull-up resistor be- 
cause it causes the output to be pulled up to the supply voltage when the 
output transistor cuts off. In the TTL gate, Q4 serves as an active pull-up 








resistor. Current to any shunt load on the output is supplied by this trans- 
istor. This arrangement provides a much lower output impedance in the 
high output state; and, therefore, higher speed operation can be obtained. 
In logic circuits using a pull-up resistor, any shunt output capacitance 
must be charged through the collector pull-up resistor. This charging 
time can be long depending on the amount of shunt capacitance and the 
value of the collector resistor. With the active pull-up arrangement in the 
TTL gate, any output capacitance can be charged more quickly through 
the very low impedance represented by Q4. 


To simplify the discussion of the TTL logic circuit, it is convenient to 
show a diode equivalent of the key parts to this circuit. This diode equi- 
valent arrangement is shown in Figure 4-6. Diodes D1 and D2 in this cir- 
cuit represent the emitter-base input junctions of transistor Q1. Diode D3 
represents the base-collector junction of transistor Q1. Diode D4 repre- 
sents the emitter-base junction of Q2, and D5 is the emitter-base junction 
of Q3. Study the diode equivalent in Figure 4-6 and relate it to Figure 4-5. 
Keep in mind that a PN junction silicon diode requires approximately 
0.7 volts across it before it conducts. The forward voltage drop across this 
diode is also approximately 0.7 volts. Since diodes D3, D4 and D5 are 
connected in series, the voltage at point X will be the sum of the indi- 
vidual voltage drops or in this case approximately 30.7 =2.1 volts. A 
voltage less than 2.1 volts at point X will mean that all three diodes will 
be cut off. 
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Figure 4-6 


Diode equivalent circuit of TTL gate. 


Now consider the operation of the circuit. If either one or both of the logic 
inputs are at their binary 0 level, 0.4 volts or less, the associated input 
emitter junction will conduct. The voltage at the base of Q1, (point X in 
Figure 4-6) will be the input logic level voltage plus the drop across the 
input emitter-base diode, in this case approximately 0.4+ 0.7 = 1.1 volts. 
Current will flow through the input diode whose input is low and 
through the 4K pull-up resistor. Since the voltage at the base of Q1 (point 
X in Figure 4-6) is less than that required to cause the three diode string 
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to conduct, the base-collector junction of Q1 will not conduct. The emit- 
ter-base junctions of Q2 and Q3 will not conduct therefore these transis- 
tors will be cut off. With Q2 off, base current will be supplied to transistor 
Q4 through resistor R2. Q4 will conduct if an output load is connected 
to ground. The output voltage at this time will be the supply voltage 
+ Vcc less the drop across diode D1, Q4 and the 130 ohm collector resis- 
tor. A typical TTL binary 1 output voltage level is approximately + 2.4 
to +3.6 volts. A binary 0 voltage level at either or both of the inputs will 
produce a binary 1 output. 





Now assume binary 1 logic levels applied to both inputs. A typical binary 
1 logic level input will be + 2.4 volts or higher. Most of the inputs will 
be driven from other TTL output circuits and, therefore, the output volt- 
age will in most practical situations approach + 3.6 volts. The diode 
equivalent string D3, D4, and D5 in Figure 4-6 will conduct through the 
4K resistor. The voltage at point X in Figure 4-6 will be about + 2.1 volts. 
Therefore, with + 3.6 volt inputs, D1 and D2 will be reverse-biased, thus 
cut off. 


The emitter-base junctions of Q2 and Q3 will be forward-biased as well ' 
as the base-collector junction of Q1. With Q2 conducting, its collector 
‘voltage is lower than that required to turn Q4 on. Base current normally 
supplied to Q4 through R2 is shunted away by the conduction of Q2. 
With Q2 conducting Q3 will saturate. At this time the output voltage 
is the emitter-collector saturation voltage of Q3 which will be +0.4 
volts or less. As you can see, with binary 1’s on both inputs, the output 
will be binary 0. From this circuit description you can see that the 
circuit performs the NAND function for positive logic and the NOR 
function for negative logic. The truth tables in Figure 4-7 sum up the 
operation of the basic TTL gate, while the typical characteristics are 
summarized in Table I. Notice that figures B and C are NOT equivalent 


circuits. 
INPUTS OUTPUT INPUTS OUTPUT INPUTS OUTPUT 













Figure 4-7 


Truth tables for typical TTL logic 
gate (A) electrical, (B) positive logic 
NAND, (C) negative logic NOR.. 














Table! 


TTL Characteristics 

Type of logic: Current sinking 
Propagation delay: 1-40 nanoseconds 
Power dissipation: 1-25 milliwatts 


Fan out: 10-30 
Noiseimmunity: high 
Logic levels: binaryO = + .4 volts 
binary 1 = +3.6 volts 
Basic gateform: positive NAND/negative NOR 
Supply Voltage Vcc +5 volts+10 percent 





TTL integrated circuits continue to be one of the most popular and 
widely used forms of logic elements. Many new equipment designs con- 
tinue to use this type of circuit. Many manufacturers supply TTL circuits 
and new circuits are developed regularly. The wide range of SSI and MSI 
types make TTL circuitry perhaps the most versatile line of digital inte- 
grated circuits available. The most common type of TTL circuits are the 
7400 series originally developed by Texas Instruments. Almost all other 
integrated circuit manufacturers second source this series of TTL cir- 
cuits. Other TTL circuits are also available. These include the 9300 series 
made by Fairchild and the 8000 series manufactured by Signetics. All of 
these types of TTL circuits are compatible with one another. In this pro- 
gram you will use and demonstrate many different types of the 7400 
series of TTLICs. 
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Special TTL Variations 





All TTL integrated circuits whether SSI or MSI, combinational or se- 
quential use the basic TTL gate circuit shown in Figure 4-5. In addtion, 
there are several other versions of this TTL circuit made for special appli- 
cations. These include gates for low power operation, higher speed oper- 
ation or special logic functions. 


Low Power TTL. Low power TTL circuits are similar to the basic TTL 

circuit described earlier. The only difference is that the resistor values 
in the circuit are approximately ten times higher, meaning that the power 
consumption of the circuit is one tenth of that of the standard circuit. 
Low power TTL circuits are excellent for applications requiring a versa- 
tile high speed logic line with minimum power consumption. Increasing 
the values of the internal resistances, causes the propagation delay of the 
circuit to be increased. The propagation delay in atypical low power gate 
is approximately 30 to 40 nanoseconds. High speed is sacrificed for low 
power consumption. 


High Power TTL. The high power TTL circuit is basically the same as the 
standard circuit considered earlier. In this circuit resistor values are de- 
creased significantly in order to improve operating speed. Typically, the 
gate propagation delay is reduced to approximately 6 nanoseconds. This 
increase in speed is accompanied by a power dissipation approximately 
twice that of a standard gate. This is approximately 22 milliwatts average 
power dissipation per gate. High power TTL circuits have for the most 
part been replaced by the newer Schottky TTL circuits which are not only 
faster, but also consume less power. 
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Schottky TTL. The transistors in a TTL logic circuit operate in the satura- 
tion mode. To achieve higher speed operation than that obtainable with 
a standard or high power TTL gate, non-saturating transistors must be 
used. This is what is done to improve the speed of operation of Schottky 
TTLcircuits. 


The circuit of a Schottky TTL gate is basically the same as the standard 
TTL gate circuit we discussed earlier. The primary difference is that a 


diode is connected between the base and collector of each transistor in 
order to prevent those transistors from saturating. See Figure 4-8A. 


Figure 4-8 





Hot carrier diode clamped 
transistors used in Schottky TTL 
circuits to prevent saturation 
and increase switching speed. 


When the transistor begins to turn on, its collector voltage will drop 
quickly to some low value. When it drops beyond a certain point, the 
diode will conduct and shunt current away from the collector-base junc- 
tion that would normally conduct during saturation. The diode effec- 
tively clamps the collector to a voltage sufficiently high to keep the base- 
collector junction reverse biased. This circuit permits the condition of 
saturation to be closely approached but still avoided. 


The diode used to provide the clamping that prevents saturation is a hot 
carrier or Schottky diode. This type of diode, unlike other semiconductor 
diodes, is not a PN junction type. Instead, a Schottky diode is the junction 
of a metal such as gold or aluminum, and N-type semiconductor material. 
These diodes are not separate units. Instead, they are part of the complex 
integrated circuit diffusion on the silicon chip. These diodes are high 
speed in operation because they do not have the normal charged storage 
normally associated with PN junction diodes. The forward voltage drop 
or voltage required for the diode to conduct is also much less than a stan- 
dard PN junction. 
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The Schottky clamp diode as it is used on the transistors in a TTL gate 
is illustrated in Figure 4-8B. Note the special symbol used to represent 
the Schottky diode. The special symbol on the right in this figure is a 
Schottky diode clamped transistor. You will see this symbol used in 
schematic diagrams of Schottky TTL logic circuits. 





The primary advantage of the Schottky TTL gate is its higher speed of op- 
eration. Since the transistors do not saturate, no charge storage problems 
occur. Gate propagation times as low as 3 nanosecondes are possible with 
this type of circuit. At the same time, Schottky TTL gates achieve this rate 
of switching at a power dissipation of approximately 19 milliwatts, 
something less than the high power TTL circuit. Advanced Schottky TTL 
circuits with propagation delays as low as 1 nanosecond with a power 
dissipation of 2 millwatts are now being made. Special low power 
Schottky TTL circuits with a propagation delay of 10 nanoseconds and 
a power dissipation of 2 milliwatts are also available. This form of TTL 
has one of the most favorable speed-power trade-offs of any digital inte- 
grated circuit. 


Three-State TTL and Data Busses. Three-state TTL integrated circuits 
are a special version of TTL circuits whose output can assume three 
states instead of the normal two. Besides the binary 0 and binary 1 logic 
levels normally associated with a TTL gate output, the three-state circuit 
has a third open state. This open state represents a very high impedance 
and is essentially equivalent to disconnecting the TTL totem pole output 
circuit from the output pin on the integrated circuit. This particular type 
of circuit is useful in digital systems using multiplexed or bussed data 
transmission. 





A data bus is a group of wires, transmission lines or cables over which 
digital information or binary numbers are transferred in parallel from one 
point to another. There are basically two types of data busses, unidirec- 
tional and bi-directional. On a unidirectional bus, data is transferred in 
only one direction. On a bi-directional bus, data can move in either direc- 
tion. Most digital busses are bi-directional in nature. 


Instead of having multiple parallel paths for the transmission of digital 
data in two directions, a common bus is used and the information is 
transferred from one place to another on a time shared basis. While data 
from one particular source is being transferred, other data waits until the 
current transfer is complete. The concept of having one bus serve as a car- 
rier for multiple signals is known as multiplexing. Circuits not currently 
in use are disabled, while those sending and receiving data on the bus 
are activated. 
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Figure 4-9 shows a simplified diagram of a typical bi-directional digital 
data bus. Only one of several identical bus lines is shown. This bus line 
is generally responsible for transmitting one bit of data of a multiple-bit 
binary word. The bus itself may be simply a cable several feet long or a 
transmission line several hundred feet long. Gates 1, 2, or 3 can transmit 
one bit of information down the bus line to be received by gate 8. Only 
one of the three gates will be enabled at a time to transmit the desired 
data. Note that the same bus can be used to transmit binary information 
from either gate 6 or gate 7 down the transmission line to be received by 
gates 4 or 5. Just keep in mind that only a single data transmission may 
take place at any given time, but that it may be in either direction from 
any one of several sources or to several destinations. 








Figure 4-9 


Bi-directional digital data bus. 


The digital bus is relatively easy to implement with logic circuits using 
collector pull-up resistors. The outputs of the gates from which the digi- 
tal data comes are simply connected in parallel as illustrated in Figure 
4-10. By connecting their outputs directly together, we effectively paral- 
lel the collector resistors, thereby reducing the total resistance to one half 
the value of an individual resistor. The two output transistors then share 
a common collector resistance. With this arrangement either transistor 
Q or Q- can bring the output to the binary 0 condition. If Q; conducts 
and Qz is cut-off or if Q2 conducts and Q; is cut-off, the output will be 
binary 0. The only time that the output will rise to + Vcc is when both 
Qı and Q- are cut-off. The way digital data is transmitted by one gate then 
is to disable the gates not responsible for transmitting data. This is done 
by applying the appropriate input to the gate so that its output transistor 
is cut-off. This permits the other transistor to control the state of the out- 
put. 
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Figure 4-10 


Paralleling gate outputs 
to share a common output line. 


Parallel gate outputs can form what is known as the wired AND connec- 
tion. It is given this name simply because either transistor Q1 OR Q2 can 
bring the output to the binary 0 level. This connection is frequently used 
to implement the logical AND function without the need of an additional 
gate. 





Because of the active pull-up circuit in the totem pole output of a TTL 
gate, TTL circuits cannot be wired in the AND arrangement. Improper op- 
eration or damage can occur. For this reason TTL ICs cannot be used in 
bussing operations. To overcome this problem, open collector TTL cir- 
cuits can be used. In these circuits, the active pull-up stage is eliminated 
and the collector of the shunt output transistor is made available at an 
output pin. To this is connected an external collector pull-up resistor. 
The wired-AND arrangement can then be used. However, because the ac- 
tive pull-up transistor is removed, one of the primary advantages of a TTL 
gate is eliminated. The active pull-up produces higher speed operation 
and lower output impedance, both of which are desirable not only from 
a speed standpoint but from one of improving noise immunity. 














The disadvantage of not being able to use TTL circuits in bus applications 
was overcome by the development of three-state logic. This type of logic 
was originally introduced by National Semiconductor Corporation as 
Tri-State Logic. Three-state logic is a special form of TTL that retains the 
basic TTL circuit configuration including the totem pole active pull-up 
output circuit. However, additional circuitry has been added to produce 
an optional high impedance third state that can effectively remove from 
any common bus line those circuits not transmitting data. 


A typical three-state TTL circuit is shown in Figure 4-11A. The circuit 
arrangement is basically identical to the TTL gate circuit we discussed 
earlier. Q; is the multiple emitter input transistor, Q2 is the phase splitter 
while Q, and Qs form the totem pole output circuit. Transistor Q3 has 
been added in order to provide better control of output transistor Q,. To- 
gether, Q3 and Q, form a compound or Darlington transistor with high 


gain. Components D1, Qs, Q7 and Qs have been added to control the third 
state. 





+Vcc 


CONTROL 


CONTROL 
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Figure 4-11 


Three-state TTL gate schematic 
(A) and the logic symbol (B). 
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Whenever the control input is low, transistor Qe saturates. When it satu- 
rates it causes the collector of Qs and hence the base of Q; to be nearly 
the same low input value. This means that Q; and Qs are cut-off. The TTL 
gate then functions normally. Here the standard TTL output logic levels 
for binary 0 and binary 1 are achieved according to the input states. 





When the control input is made a binary 1, Qs cuts off. The emitter-base 
junctions of Q; and Qs become forward biased through the base-collector 
junction of Qe and the associated base resistor. With Qs saturated, the 
third input to Q, is brought to ground along with the cathode of diode 
Dı. As you recall, when any one or more of the inputs of a TTL gate are 
brought to a binary 0 level, the output is forced high. This is done by turn- 
ing on the active pull-up transistor Q, and turning off the shunt output 
transistor Qs. But in this case, both output transistors Q, and Qs are cut- 
off. When Qs saturates, the cathode end of D, is grounded. All the base 
current for Q3 is shunted away. This causes Q3 and Q, to cut-off. With 
both output transistors Q, and Qs cut-off, the output is effectively an 
open circuit. Looking from the output of the gate back into the circuit, 
any load sees an extremely high impedance. Because of the high quality 
of the circuit and the low leakage, any load sees essentially an open cir- 
cuit. With this arrangement, any number of three-state TTL outputs may 
be paralleled to form a common bus line. When data is to be transmitted, 
all of those gates not transmitting data will have their control lines at bi- 
nary 1 so that their outputs represent an open circuit. Only the gate desig- 
nated to transmit data will be enabled. 





Figure 4-11B shows the logic symbol normally used to represent a three- 
state TTL gate. 
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Self Test Review 


13. 


14. 


15. 


16. 


17: 


18. 


19. 
20. 














Answers 


13. 
14. 


15. 
16. 


17. 
18. 
19. 
20. 


A standard TTL gate performs what logic function for positive logic? 
a. AND 

b. OR 

c. NAND 

d. NOR 

If all inputs of a TTL gate are binary 1, the output will be 

a. binary 0 

b. binary 1 

c. indeterminate 


The typical TTL logic levels are 
binary 0. volts 
binary 1 . volts 


Two features that make the TTL gate faster than other types of gates 
are WC arn SW —="n 

Schottky TTL is faster than standard TTL because 

a. smaller resistor values are used. 

b. it consumes more power. 

c. hot carrier diodes are faster than regular diodes. 

d. non-saturating transistors are used. 

Three-state TTL has three possible output states. These are 
a âd 

The type of TTL gate that can be wire ANDed is 

For TTL loads, a TTL circuit acts as a 


a. current source 
b. current sink. 


(c) NAND 

(a) binary O. 

binary 0 = +0.4 volts 

binary 1 = +3.6 volts 

multiple emitter input transistor, totem pole or active 
output circuit. 

(d) non-saturating transistors are used. 

binary 0, binary 1, open 

open collector 

(b) current sink for TTL loads. 
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EMITTER-COUPLED LOGIC 


The major switching speed limitation of bipolar logic circuits is the 
charge storage that occurs in the base region when both the emitter-base 
and base-collector junctions of a bipolar transistor are forward-biased to 
achieve saturation. The time required for this charge to be eliminated de- 
lays the turn-off of the transistor. Switching speeds can be greatly in- 
creased if this delay time is minimized or eliminated. In Schottky TTL 
circuits this storage problem is eliminated by preventing the transistors 
from saturating. This significantly increases the switching speed. Non- 
saturating transistor circuits offer the best potential for fast logic. 


Another major form of logic circuits using non-saturating bipolar transis- 
tors is called emitter coupled logic (ECL). Also known as current mode 
logic, this circuitry is essentially a differential amplifier configuration 
which effectively prevents transistor saturation. ECL ICs are the highest 
speed logic circuits available today. 


Circuit Operation 


Figure 4-12 shows the schematic diagram of a typical ECL logic gate. 





V 


Ver EXTERNAL 
-5 2V " PULL DOWN " 
RESISTORS 
Figure 4-12 


Typical emitter-coupled logic gate. 











aj 


Transistors Q4 and Q2 along with Q; form a differential amplifier. The 
inputs (A and B) are applied to transistors Q, and Q2 whose emitter and 
collector connections are in parallel to form one side of the differential 
amplifier circuit. If additional inputs are required, more transistors are 
paralleled. Q; is the other side of the differential amplifier. Input logic 
levels are typically — 1.75 volts (binary 0) and —.9 volts (binary 1). The 
output and input voltage swing is typically the difference between these 
two voltage levels or (1.75 — .9) = .85 volts. The supply voltage Veg is 
—5.2 volts. The supply voltage Ver and Reg form a current source that 
supplies a fixed current whose level is below the point that permits sat- 
uration. 





In Figure 4-12, transistor Q, and the associated components form a tem- 
perature stabilized voltage source that biases the base of Q} to approxi- 
mately — 1.3 volts. The emitter of Q; will be approximately .8 volts more 
negative than its base because of its emitter base voltage drop. Therefore, 
the voltage at the emitters of Q1, Q2, and Q; will be approximately 
(—1.3—.8) = — 2.1 volts. 


Assume that both logic inputs A and B are at the binary 0 logic level of 
— 1.75 volts. With this condition, transistors, Q; and Q, will not conduct 
because the emitter-base bias is insufficient. At this time the collectors 
of Qı and Q, are high while the collector of Q; is low. These two output 
levels are buffered by output emitter followers Qs and Qs and produce 
the proper binary 0 and binary 1 logic levels. Note that both the normal 
and complement outputs are available simultaneously. 





If any one or both of these logic inputs rise to the binary 1 state (—.9 
volts), the associated input transistor will conduct. The emitter of Q,, Qz, 
and Q3; will then be one emitter-base junction drop more negative than 
the input voltage or approximately — 1.7 volts. This means that when one 
or more of the inputs rises to the binary 1 level, the common emitter point 
will rise from — 2.1 volts to — 1.7 volts. This voltage will cause transistor 
Q; to cut-off. As you can see the current supplied by the emitter supply 
voltage and the common emitter resistor Rg switches from Q; to the con- 
ducting input transistor or transistors. With this arrangement the collec- 
tors of Qı and Q2 will be low while the collector of Q; will be high. These 
logic output levels are buffered by the emitter followers Qs and Qe. The 
circuit performs the OR and NOR functions for positive logic level as- 
signments. 
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One of the major advantages of most commercial ECL IC logic circuits is 
the availability of both the normal and complement outputs simultane- 
ously. This permits both OR and NOR functions to be obtained at the 
same time. No external inverters are required. Note that the emitter fol- 
lower “pulldown” resistors are usually external to the integrated circuit 
itself. This permits the resistors to be located remotely at the end of a 
transmission line or in another desirable location depending upon the 
exact circuit configuration and application. It is also possible to tie to- 
gether the OR or NOR outputs of ECL logic circuits to permit the wired 
OR function. 





Circuit Characteristics 


ECL logic circuits are extremely versatile, easy to use and produce high 
quality results. However, these circuits are normally higher in cost and 
of course consume significantly more power than other types of logic cir- 
cuits. Their only real advantage is their high speed. Naturally, this high 
speed capability should be used only where absolutely necessary. Other 
types of logic are preferred for slower speed applications. The most 
widely used form of ECL is Motorola’s MECL and 10K series. 


Table II 





ECL Characteristics 

Type of logic: unsaturated, current sourcing 
Propagation delay: .5—3 nanoseconds 
Power Dissipation: 40—60 milliwatts 

Fan Out: 10—25 


Noise Immunity: High 

Logic levels: binary 0 = — 1.75 volts 
binary 1 = —.9 volts 

Basic gate form: OR/NOR 

Supply voltage Veg: — 5.2 volts 








Digital Integrated Circuits 4-41 


Self Test Review 





21. The basic ECL circuit is a(n) 
a. inverter 
b. differential amplifier 
c. saturated switch 
d. emitter follower 
22. ECL gate outputs can be wire ORed. 
a. True 
b. False 
23. For positive logic in an ECL gate 
binary 0 = ___________ volts 
binary 1 = ________ volts 
24. AnECL gate performs what functions in negative logic. 
a. AND 
b. OR 
c. NAND 
d. NOR 
25. With ECL loads, ECL gates are 
a. current sources. : 
b. current sinks. 


Answers 


. (b) differential amplifier 
. (a) True 
. binary 0 = — 1.75 volts 
binary 1 = —.9 volts 
. (a) AND 
(c) NAND 
. (a) current sources 
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METAL OXIDE SEMICONDUCTOR 
INTEGRATED CIRCUITS 


Metal oxide semiconductor field effect transistors (MOSFETs) or insu- 
lated gate field effect transistors offer numerous advantages over bipolar 
transistors in digital circuits. First, these devices are simpler in construc- 
tion and therefore can be made much smaller. Because they occupy less 
space, higher density logic networks can be placed on a given silicon 
chip. This permits large scale digital integrated circuits to be readily con- 
structed. Another advantage of the MOSFET is its high impedance and 
therefore, low power consumption. MOS digital integrated circuits con- 
sume only a fraction of the power of equivalent bipolar circuits. 


The big disadvantage of MOS digital integrated circuits is their lower 
speed. The high impedance and capacitive nature of these circuits pro- 
duce switching speeds that are several orders of magnitude slower than 
bipolar digital integrated circuits. Despite their low speed nature, these 
circuits have nevertheless found wide application in those areas not re- 
quiring high speed operation. Recent technological advances in the man- 
ufacturing of MOSFET circuitry have also helped their switching speed 
approach that of some bipolar circuits. 


There are two basic types of MOSFETs used in MOS digital ICs: the P- 
channel and the N-channel. As indicated earlier, the MOSFETs used in 
digital ICs operate in the enhancement mode. In this mode of operation, 
the transistor is normally cut-off. When the appropriate voltage level is 
applied between the source and the gate, the transistor suddenly 
switches on. These devices are near perfect switches in that they have 
an extremely high impedance when not conducting and an extremely 
low impedance when conducting. 





The earliest MOS devices in use in digital circuits were PMOS circuits. 
P-type MOSFETs are the simplest and easiest to manufacture. N-channel 
MOS devices are more difficult to make, however, recent technological 
advances have simplified their construction. N-channel MOSFETs are 
smaller in size and switch at higher speeds. Their switching threshold 
is also much lower making them more compatible with bipolar digital 
integrated circuits. Another class of MOS logic circuits combines both 
P- and N-channel devices in a single circuit. These digital circuits are 
known as complementary MOS or CMOS. 














MOS digital integrated circuits are clearly the digital ICs of the future. Their 
small size, low power consumption and simplicity make them attractive for 
many medium and large scale applications. Most MOS ICs are LSI. Entire test 
instruments and computers can be made on a single silicon chip with MOS tech- 
niques. Improvements in manufacturing techniques will gradually reduce the 
Switching speeds to levels acceptable to all but the most demanding high speed 
applications. It is expected that MOS ICs will eventually replace many of the 
various types of bipolar circuits. 


PMOS and NMOS Circuits 


When a digital IC circuit is constructed only with P-channel MOSFETs, it is 
known as PMOS. If the circuitry uses only N-channel enchancement mode 
MOSFETs, the circuits are referred to as NMOS. The basic circuit configurations 
are the same for either type of transistor. 


Figure 4-13 shows the circuit for an N-channel MOS logic inverter. Q, is the 
standard shunt inverter switch. Transistor Q, is connected to form a drain or load 
resistance. A standard integrated resistance occupies substantially more space 
than the MOSFET and therefore, if used in any quantity, greatly reduces the 
amount of digital circuitry that can be placed on a given size silicon chip. The 
gate and drain of Q, are connected together which biases the transistor into con- 
duction. It acts as a resistor. 


In operation, this circuit performs like any other inverter. When the logic input 
voltage is less than the gate-source threshold voltage, Q, is cut off. Since the 
gate and drain of Q, are connected together, Q, conducts and the output voltage 
is the supply voltage Vp less the source-drain voltage. When the input voltage 
exceeds the gate-source threshold of Q, (usually about 1.5 volts for most 
NMOS), Q, conducts. Its output voltage drops to a very low level. The on resis- 
tance of transistor Q, is made significantly less than the resistance of Q, by a ra- 
tio of at least 20 to 1. 


A logic inverter circuit using P-channel MOSFETs is shown in Figure 4-14. This 
circuit is similar to the N-channel inverter discussed earlier, however, a different 
means is used to bias the load transistor into conduction. In this circuit, the gate 
voltage is made more negative than the source voltage by the use of another 
power supply designated — V,. This voltage causes Q, to conduct and act as a 
resistor. Q, in this circuit is the shunt inverter switch. Note the power supply 
polarity difference in this circuit due to the use of P-channel rather than N- 
channel transistors. The circuit operation is as described before. When the gate- 
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N-CHANNEL MOS 
LOGIC INVERTER 





Figure 4-13 
N-channel MOS logic inverter. 
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Figure 4-14 


P-channel MOS logic inverter. 
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source threshold voltage is exceeded (4 to 6 volts in most PMOS), transistor Q3 
will conduct and the output voltage will drop to a value near ground. When the 
gate-source voltage is less than the threshold value, Q, will cut off and act as an 
open circuit. At this time the output voltage is some negative voltage less than 
— Vpp. This particular circuit arrangement produces somewhat faster switching 


speeds than the circuit in Figure 4-13 but the disadvantage is that it requires the 
additional power supply. 





Figure 4-15 shows how the various logic functions are implemented using the 
MOSFETs. In Figure 4-15A, two N-channel devices are connected in parallel 
and share a common load (Q3). If either one or both of the input devices is 
biased on, the output voltage will drop to a low value. When the input voltages 
are both less than the threshold voltage, Q, and Q. will be cut off, allowing the 
Output to rise toward +V pp: With this arrangement, the circuit performs a NOR 
function for positive logic. 





B +NAND 


Figure 4-15 
NMOS logic circuits. 


The circuit in Figure 4-15B performs the NAND function for positive 
logic. Here transistors Q, and Qz are connected in series. In order for the 
output line to be brought low, input signals must appear high at both the 
A and B inputs simultaneously. If either one or both of the inputs are low, 
the output will be high. This is the NAND function. 





Digital Integrated Circuits 4-45 


The type of MOS logic circuits that we have discussed here are known 
as static logic circuits in that they perform logic functions with voltage 
levels. Another type of MOS logic is also widely used. Known as dynam- 
ic logic this circuitry has the same basic configuration as we have dis- 
cussed here. However, the difference lies in that the circuits take advan- 
tage of the capacitive nature of the input to the MOS devices. Here the 
input capacitors are used to store charges or logic levels temporarily. 
During operation, high speed clock signals are used to transfer stored 
charges from one circuit to the next. The advantage of this type of MOS 
circuitry is still lower power consumption than the static circuits just 
discussed and higher operating speeds. 





Complementary MOS 


Complementary MOS or CMOS logic circuits use both P-channel and N- 
channel enhancement mode MOSFETs. A logic inverter constructed 
using both types of devices is shown in Figure 4-16. Here the input signal 
drives the gates of both devices simultaneously. When the input voltage 
is low or near ground, the gate-source threshold level for Q2 is less than 
that required for conduction. Therefore Qz is cut off. However with the 
input low, the gate-source voltage threshold of Q; is exceeded. Since the 
gate is more negative than the source, this P-channel device conducts and 
connects the supply voltage Vpp to the output. 





If the input voltage is brought to a high logic level, normally the same 
as the supply voltage + Vpp, the gate-source threshold voltage of Q2 will 
be exceeded. Q2 will conduct and act as a very low resistance bringing 
the output to a low level. At this time with the gate and source of Q; ap- 
proximately at the same levels, the threshold is not exceeded, therefore, 
Qı is cut off. The logic inversion function is performed. It is interesting 
to note that in this circuit both the current sink and current source modes 
are used. When Qz conducts it sinks current from external loads con- 
nected between the outputs and the supply voltage. When Q, conducts 
it supplies current to any load connected between the output and ground. 
Because of the very low on resistance of a conducting device and the ex- 
tremely high input impedance of other MOS devices, the logic levels are 
very nearly equal to ground and the supply voltage + Vpp. 


Figure 4-16 


>| 






N- CHANNEL | ‘complementary MOS logic 
inverter. 
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Figure 4-17 shows a diagram of a typical CMOS logic gate. It consists of 
two P-channel devices Q; and Q2 connected in series and two N-channel 
devices Q; and Q, connected in parallel. When either one or both of the 
inputs go high to the positive binary 1 voltage level, the associated N- 
channel transistor Q3 or Q, will conduct. This will cause the output to 
drop to a voltage level near zero volts indicating a binary 0 output. With 
either input high, either Q, or Q2 will be cut-off. Since Q, and Q, are in 
series, the path between the supply voltage + Vpp and the output is not 
completed unless both Q; and Q, conduct. 





+V 





DD 
Q) 
A P-CHANNEL 
P 
Q? 
B 
P 
A+B 
N Š 
Q3 
N-CHANNEL 
Figure 4-17 
CMOS NOR logic gate. 


When both inputs go low, Q and Q, will become cut-off because their 
gate-source voltage is below the threshold level necessary to cause con- 
duction. At this time the gate-source voltages of Q; and Q2 will be approx- 
imately equal to + Vpp. Both devices conduct and form a low resistance 
path between the output and the supply voltage. 


Summarizing the operation of this CMOS logic gate, you can see that the 
NOR logic function is being performed with positive logic. -Any logic 
function including NAND, AND and OR can be performed by suitably 
arranging the P- and N-channel devices in the circuit. 
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If a digital designer were to specify the perfect logic circuit for all appli- 
cations, this logic circuit would have characteristics very similar to 
those of CMOS. CMOS logic circuits offer a balanced combination of 
characteristics making it highly versatile and desirable. This type of 
logic circuit features very low power dissipation, excellent noise im- 
munity, wide power supply voltage variations, high fan out and moder- 
ately high speed of operation. 





Low power dissipation in CMOS circuits is achieved because there 
is never a continuous path through any of the devices in the circuit 
from the supply voltage to ground. A look at the inverter circuit in 
Figure 4-16 or the NOR gate in Figure 4-17 will indicate this. When 
the N-channel devices connected between the output and ground are 
conducting, the P-channel devices between the output and +Vpp are 
cut off. Similarly, when the P-channel device between the supply volt- 
age and the output is on, the N-channel devices from the output to 
ground are cut off. The current flow that does take place between the 
supply voltage and ground is that which flows when the output state 
switches. It is during this time that the P- and N-channel devices may 
be on together momentarily thereby causing a small current to flow. 
If the switching rate is high, the rate of occurrence of this current flow 
increases. The power consumption of a CMOS device increases with 
its operating frequency because of this effect. 


Table III 



















CMOS Characteristics 
Type of logic: Current sinking and current sourcing. 
Propagation delay: 10—100 nanoseconds. 
Power Dissipation: 10 microwatts (static) 
1 milliwatt at 1 MHz 

Fanout: 50+ 
Noiseimmunity: very high (45 percent Vpp) 
Logic levels: binary 0 = 0 volts 

binary 1 = + Vpp 
Basic gate form: positive NOR/negative NAND 
Supply voltage Vop: +3 to +15 volts 


The most popular forms of CMOS logic are the 4000 series circuits made 
by RCA, the 74C series made by National Semiconductor, and the 14000 
series manufactured by Motorola. All offer a variety of SSI, MSI and LSI 
circuits. 
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Self Test Review 


26. P-channel MOS is faster than N-channel MOS. 
a. True 
b. False 
27. MOS combining both P- and N-channel in series is called 


28. The primary disadvantage of MOS ICs is 
29. The CMOS logic levels are 
binary 0 =———— — volts 
binary 1 =—————— volts 
30. Most MOS ICs are usually 
a. SSI 
b. MSI 
c. LSI 
31. The input toa CMOS gate appears primarily asa 
a. low resistance 
b. high resistance 
c. capacitor 
d. inductor 


Answers 


. (b) False 

. CMOS 

. lowspeed 

. binary 0 = zero volts 
binary 1 = +Vpp 

. (c) LSI 

. (c) capacitor 
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INTEGRATED INJECTION LOGIC 





One of the newest forms of integrated digital circuits is Integrated Injec- 
tion Logic, usually abbreviated IIL or I*L (I squared L). IPL is a form 
of bipolar logic used primarily in LSI and VLSI applications. Its very 
small size permits very high density; and its ultra low power consump- 
tion eliminates heat problems and gives long battery life in portable 
applications. I*L circuits are also more common than you think. In 
fact, if you are wearing a digital watch, you have an I?L chip on you! 


Circuit Description 


The development of I7L was an attempt to achieve the speed of operation 
of bipolar circuits while obtaining the packing density and low power 
consumption of MOS. The attempt was successful, as VLSI IPL circuits 
are widely used today. I L designers created the smallest and simplest 
digital logic circuit available today. A typical I*L gate occupies only 
about half the space of even the smallest MOS circuit. The small size is 
the result of there being essentially only one transistor per gate. 


A typical I?L circuit is shown in Figure 4-18. It consists of Q; a multiple 
collector NPN shunt saturated switch and Q- a PNP current source. 
This circuit is used in various ways to produce the basic logic functions. 
Q- can also be used to supply current to other shunt switches like 
Qı. As shown, the circuit in Figure 4-18 performs as a logic inverter. 





+V 


OUT 


Figure 4-18 


Basic I*L Circuit 
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To see how the circuit works, refer to Figure 4-19 where two basic I*L 
inverters are cascaded. Normal logic levels are approximately +.1 volt 
for a binary 0 (or near ground) and +.7 volts for a binary 1. Current source 
Q; supplies current to the base of Q3. This current is high enough to satu- 
rate Q3. Therefore, Q3 conducts and its output voltage Vce (sat) is about 
+.1 volt or less (binary 0). This condition exists when the input to Q3 
is a binary 1, about +.7 volts. With Q3 saturated, current from source Q2 
is shunted away from the base of Q;. Therefore, Q; is cut-off. Its output 
will, therefore, be + .7 volts or the Var of the next transistor it drives. 





Now assume that the input to Q; is brought low (+ .1 volt or less). Current 
from Q, is shunted away from the base of Q; and Q; turns off. Q2 can now 
supply base current to Q1. Qı conducts. The voltage at the collector of 
Q3 and base of Q, is now +.7 volts, the base-emitter voltage drop Vag of 
Q1. The collector voltage of Q, is now +.1 volts or less. As you can see, 
the two logic levels are derived from the Vce (sat) of the driving transistor 
(binary 0) and the Vz< of the driven transistor (binary 1). 


5 
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Figure 4-19 


Cascaded I*L Inverters 
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The basic circuit can be combined in several ways to perform the vari- 
ous logic functions. An I*7L NAND gate is illustrated in Figure 4-20A. 
The only difference between this and the basic circuit is that multiple 
inputs A and B are connected to the base of Q;. These inputs are driven 
by other I?L circuits Q3 and Q,. If either one or both inputs are low 
(0), Qı is cut off and the output is high (1). If both inputs are high 
(1), Qi will conduct and its output will be low (0). This is the NAND 
function as the truth table in Figure 4-20B shows. 





Figure 4-20A 


I L NAND circuit 





Figure 4-20B 


Truth Table 
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An I L NOR gate is shown in Figure 4-21A. The NOR function is obtained 
by the wired OR connection. If either or both inputs are high (1); Qi, Qs, 
or both will conduct and the output F will be low (0). When both inputs 
are low (0), both Q; and Q; will be cut off and the output will go high 
(1). The operation is summarized in the truth table of Figure 4-21B. This 
is the NOR function. 


s OUTPUT 


+V 
INPUTS 





Figure 4-21A 
I*L NOR gate circuit 





Figure 4-21B 
Truth Table 
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Characteristics and Applications 


We have already mentioned the very small size of I?L circuits. Over 100 
I*L circuits can be constructed in about the same space that one TTL gate 
occupies. Literally thousands of gates can be made on a single silicon 
chip. I*L circuits can achieve the same function of MOS in about one half 
the space. And, the fewer diffusion and masking steps required in man- 
ufacturing I*L makes for greater yields and lower cost. 


As for speed, the typical IPL gate has a propagation delay of 25 to 50 
nanoseconds. Although, depending upon the application, delays can 
range from 20 to 250 nanoseconds. Keep in mind that this is accom- 
plished with saturated bipolar transistors. Higher speeds are obtainable 
by using Schottky diodes as with TTL circuits. However, this does in- 
crease the gate area and cost. 


The power consumption of a typical I?L gate is in the 6 nanowatt to 70 
microwatt range. The dissipation of an average 20 nanosecond gate is 50 
microwatts. The power consumption of an I*L gate is about the same as 
that of aCMOS gate; however, the I7L gate is two or three times faster. 


As it turns out, I*L circuits have the most favorable speed-power product 
of any logic circuit. Typical circuits have a speed-power product of one 
picojoule or less, which beats even the best CMOS devices. 





Finally, the noise margin is fair to good. The simple bipolar circuitry is 
also easy to interface to almost any other type of IC (TTL, CMOS, etc.). 
I*L characteristics are summed up in Table IV. 


Another major benefit of I*L circuits is that the simplicity of their struc- 
ture permits linear circuits to be easily fabricated on the same chip. With 
more complex standard digital circuits, it is difficult and not practical 
economically to put digital and linear circuits on the same chip. But with 
I7L, it is easy to incorporate analog circuits such as op amps, comparators, 
LED/LCD drivers, memory sense amplifiers, and oscillators right on the 
chip with a complex digital circuit. Today, more and more designs incor- 
porate both linear (analog) and digital functions and, to create complete 
LSI or VLSI systems, it is desirable to put all circuitry on one chip. 
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Presently, I*L circuits are used predominantly in digital watches. Their 
small size and ultra low power consumption make them perfect for the 
application. There are also IL memory circuits and micro-processors for 
special lower power uses. I*L circuits are also used in 35 mm cameras 
for lighting, exposure, and timing control. Telephone dialing and electri- 
cal appliance control circuits have also been developed. 


TABLEIV 


I*L Characteristics 

Type of logic: Current sinking. 
Propagation delay: 25—50 nanoseconds 
Power dissipation: .06 to 70 microwatts 
Fan out: 2 


Noise immunity: Fair to good 

Logic levels: binary 0 = <+.1 volts 
binary 1 = +.7 volts 

Basic gateform: Positive NAND or NOR 

Supply voltage: 1-15 volts 
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Self Test Review 





32. The logic levels of an I*L circuit are: 
binary 0 
binary 1_________ 
33. I*L gates are superior to all other types of ICs in: 
a. propagation delay 
b. noise immunity 
c. size 
d. power dissipation 
34. IPL circuits are used primarily in ————— and 
circuits. 
35. The main element on an I*L circuit is a: 
a. current source 
b. multi-collector shunt switch 
c. PNP saturated switch 
d. Schottky diode 


| Answers 


32. Binary 0 = +.1 volt 
Binary 1 = +.7 volts 


33. C.size 
34. LSI, VLSI 
35. b. multi-collector shunt switch 
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SELECTING A DIGITAL INTEGRATED 
CIRCUIT FOR A SPECIFIC APPLICATION 


The most important decision that you will make in designing a piece of 
digital equipment is in selecting the type of integrated circuit. The suc- 
cess or failure of your design from a performance and economic 
standpoint will depend directly upon this choice. For this reason, you 
must carefully consider the requirements of your application. 





The first step in selecting a digital integrated circuit is to completely de- 
fine the system characteristics. Performance, economy, and reliability 
are the prime requirements. These are specifically stated in the terms of 
needed system speed, noise immunity, power dissipation and other fac- 
tors. Once all of the specifications have been detailed, these can be 
matched against the capabilities and characteristics of the various types 
of integrated circuits available. 


The three key factors in defining a digital system and selecting a type of 
integrated circuit are speed (propagation delay), power consumption and 
noise immunity. While these are the most important characteristics in 
terms of performance and economy, there are other considerations. 
These include cost, availability, trends and the need for complex func- 
tions. The cost and availability factors are obvious. Lowest cost circuits 
are best if they meet all of the requirements of your application. And the 
circuits you choose must be readily available. It is desirable to select a 
circuit with several sources of supply. 





Trends 


The semiconductor industry is one of the most volatile in the field of 
electronics. New technological developments occur frequently and 
therefore some devices are quickly obsoleted while others with im- 
proved characteristics are added. These changes take place so quickly 
that it is difficult for any designer to select an integrated circuit with long 
life and a stable price. It is important for you to follow the trends by read- 
ing the manufacturer’s literature and the technical publications. By stay- 
ing abreast of the latest technology you will be better prepared to select 
a circuit that not only meets your design requirements but also will have 
favorable life, cost and availability trends. 


Complex Functions 


A highly desirable characteristic of any integrated circuit type is the 
availability of medium scale integrated circuits (MSI). These are func- 
tional circuits either of the combinational or sequential type. Since most 
digital equipment is made up of only a few basic types of circuits (decod- 
ers, counters, etc.), a large portion of the equipment can be designed by 
simply interconnecting the functional circuits. It is much more economi- 
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cal to use MSI functions than to implement these same functions with 
SSI gate circuits. By using MSI functions the design time is reduced sub- 
stantially. In additon the total package count and size is proportionally 
reduced. Savings in power consumption and in assembly labor can be 
significant. The more MSI functions avialable in a digital integrated cir- 
cuit logic line, the more advantageous itis. 


Trade Offs 


Keep in mind that all of these factors are somewhat inter-related. Your 
choice of a type of digital IC will be a compromise based on your applica- 
tion and the circuits available. The speed-power trade off is one of the 
most critical trade-offs in selecting a circuit. Noise immunity is also a fac- 
tor that may have to be traded off with some other characteristic depend- 
ing upon the types of circuits available. You may have to juggle circuit 
specifications with cost and availability. 





Figure 4-22 shows the primary characteristics of all of the types of digital 
logic circuits discussed in this section. It will permit you to compare the 
different types for your application. Only these types should be consid- 
ered for new product design. TTL, ECL, and CMOS are available in a vari- 
ety of SSI and MSI devices. MOS and IIL are used in LSI and VLSI only. 
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— 12 (PMOS) 
+5 (NMOS) 
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50 (NMOS) 
Avg. clock rate (MHz) 


200 to 1000 2(PMOS) 


5 to 10 (NMOS) 


N 





Figure 4-22 


4-58 UNIT FOUR 





Figure 4-23 shows a chart of speed vs. power consumption for the various 
types of integrated circuits. Here propagation delay is plotted as a func- 
tion of power dissipation for all of the most popular types of digital logic 
circuits. Naturally, the best circuit is the one with the shortest propaga- 
tion delay and the least amount of power dissipation. You can see from 
this chart the type of circuit with the most favorable speed-power rating 
is low and advanced power Schottky TTL. 
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Figure 4-23 


Speed (propagation delay) vs. 
Power dissipation for popular 
digital integrated circuits. 











Self Test Review 


36. 


37. 


38. 


The digital ICs primarily recommended for new equipment design 
arè ese j 
and 


Name three non-technical characteristics that affect a designer’s 
choice of a digital IC. 


a. 
b. 
C. 


9 | 


The most important trade-off in selecting a digital IC is the one in- 
volving ____— and 


Answers 


36. TTL, CMOS, ECL, MOS, IIL 
37. Cost, availability, trends, complex functions (MSI) 
38. speed, power 
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EXPERIMENT 5 


TTL Logic Gates 


OBJECTIVE: To demonstrate the operation and charac- 
teristics of a TTL logic gate and to show 
how it can be used to perform any of the 
three basic logic functions. 





Materials Required 


1—SN 74LSOON (7400) quad-two input TTL 
integrated circuits (443-728) 

1 —1N4149 silicon diode (56-56) 

1 —560 ohm resistor 

Heathkit ET-3200 Digital Design Experimenter 

DC Voltmeter or logic probe. 


Procedure = 





1. Mount the 7400 TTL integrated circuit on the breadboarding socket. 
Be sure that it is seated firmly straddling the notch in the socket 
and that none of the pins are bent. Connect pin 14 to +5 volts 
and pin 7 to GND to supply power. Figure 4-24 shows the pin 
connections. 


TOP VIEW 





Figure 4-24 


Pin connections for 7400 TTLIC. 





i x 
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2. Connect one of the four gates in the IC as shown in Figure 4-25. The 
input will come from data switch SW1. You will monitor the input 
and output states with the L1 and L2 LED indicators and your DC 
voltmeter. 


1/4-7400 





Figure 4-25 


3. Set SW1 to the down position then the up position. Measure the DC 
input (pins 1 and 2) and output (pin 3) voltage for each position. Re- 
cord your data in Table I. Also note the LED indicator input/output 
states. 


Tablel 





INPUT OUTPUT 


4. Assuming positive logic, the output logic levels are: 
binary 0 = ———— volts. 
binary 1 =_______volts. 

5. Study TableI. What logic function is being performed? 


6. Connect the diode-resistor circuit shown in Figure 4-26 to the output 
of the TTL gate. This circuit simulates a load of about 7 TTL gate in- 
puts. Again measure the input and output voltages of the circuit for 
both positions of SW1. Record your data in Table II. 


OUTPUT aN 


VOLTAGE 







IN4149 


Ll ( 56-56 ) 





Figure 4-26 
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SWI Aa , 7 Table II 
sw2 B A) 


s 
4 


Figure 4-27 


7. Compare the output data in Tables I and II and account for any differ- 
ences. Does the loading affect the binary 0 or binary 1 output state 
most? 

8. Wirethe circuit er in Figure 4-27. Remove the 1N4149 and 5600 
resistor load used in the previous steps. The inputs come from SW1 
and SW2. You will measure the output voltage C at pin 3 of the 7400 
IC. 

9. With SW1 and SW2, apply the input voltages given in Table II. 
Measure and record the output voltage for each set of inputs. 


Table III 





10. Using positive logic convert your electrical truth table in Table I 
into 1’s and 0’s in Table IV. 


Table IV 





11. Study Table IV. What logic function is being performed? 
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12. Using negative logic, convert the data in Table III into 1’s and 0’s and 
record in Table V. 


Table V 





13. Study Table V. What logic function is being performed? 


14. Remove the wires connecting pins 1 and 2 of the IC to SW1 and SW2. 
Let the gate inputs hang free. Note the output state. 


With open inputs, the TTL gate output is —____________ volts 
or binary ________._ for positive _— This means that an open 
input acts like a binary 


15. Wire the circuit shown in Figure 4-28. With SW1 (A) and SW2 (B), 
apply the states shown in Table VI. Record the state for each set of 
inputs. Observe LED indicators L1, L2, and L3 to obtain your input 
and output data. Use positive logic (binary 1 = on, binary 0 = off). 


A} 
sw1 — 3 
SW? ED, 
B 2 
L1 L2 


X Y 
s~“ LEDS a 









Figure 4-28 


Table VI 
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16. Study the circuit in Figure 4-28 and the data in Table VI. What logic 
function is being performed? ———————— 

17. Connect the circuit shown in Figure 4-29. Monitor the inputs and 
output on LED indicators L1, L2, and L3. With SW1 (A) and SW2 (B), 
apply the input shown in Table VII. Record the output state corres- 
ponding to each set of inputs. Use positive logic. 





Figure 4-29 


Table VII 


9 g 12 11. C 
3 pt] 4 
10 13 L3 


Figure 4-30 





18. Study Figure 4-29 and Table VII. What logic function is being per- 
formed? ——— —— . 

19. Modify your circuit in Figure 4-29 by adding the fourth gate in the 
7400 to the output as shown in Figure 4-30. Only the output change 
is shown. The rest of the circuit stays as in Figure 4-29. 

20. Using SW1 (A) and SW2 (B) data switches and monitoring LED indi- 
cators L1, L2 and L3, apply the states shown in Table VIII. Record 
the output state for each set of inputs. 


Table VII 
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Discussion 





In Steps 3 through 7 you demonstrated how one of the four gate circuits 
in the 7400 IC could be used as an inverter. The two inputs are tied to- 
gether to form a single input line. With this arrangement, the gate per- 
forms as a TTL logic inverter where the input and output are complemen- 
tary. 


In Step 4 you measured the input and output voltages. The input from 
SW1 is 0 and +5 volts. The approximate output levels should have been 
binary 0 = +0.1 volts and binary 1 = +3.8 volts. 


In Step 6 you loaded the TTL circuit with a current sinking type load then 
observed the output under load conditions. You should have found that 
with the load, the binary 0 output state was higher by about .1 volt than 
it was for no load. In the binary 0 output state, the shunt output transistor 
must sink the load current. The greater the sink current the higher the 
output voltage (Vce sat). If the sink or load current is too high, the transis- 
tor will come out of saturation and the gate output voltage will be even 
higher. For this type of TTL gate, the maximum fan out is 10. Each gate 
input represents a sink current of 1.6 ma. Therefore each TTL gate output 
can sink 16 ma. If the load is greater, the output voltage in the binary 0 
state may rise to more than .8 volts which is the maximum allowable 
level for a binary 0. : 





In Steps 9, 10 and 11 you demonstrated the basic logic function of the 
TTL gate. Using positive logic it performs the NAND function. In Steps 
12 and 13 you should have found that the basic TTL gate performs the 
NOR function with negative logic. 


In Step 14 you investigated the effect of open inputs. With both inputs 
open the output should have been binary 0, this indicates that open in- 
puts act like binary 1 levels. 


You demonstrated how TTL gates could be connected to perform the 
basic AND function in Steps 15 and 16. In Figure 4-28, gate 1 is a NAND 
while gate 2 is connected as an inverter to complement the NAND output 
to produce the AND output. 


You connected TTL gates as an OR circuit and demonstrated its function . 
in Steps 17 and 18. In Step 19 you added an inverter to the output of the 
OR to produce the positive NOR function. The AND and OR circuits are 
commonly used with the TTL gate. However, the NOR version is rarely 
used. A separate positive NOR TTL logic element is available 
(SN74LS02N) to eliminate the need to interconnect a 74LS00 as we did 
here. 
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EXPERIMENT 6 


CMOS Logic Gates 


OBJECTIVE: To demonstrate the operation and charac- 
teristics of a CMOS logic gate and to show 
how it can be used to perform any of the 
three basic logic functions. 


Materials Required 


1—CD4001AE (4001) quad two input CMOS integrated circuit 
(443-695) 

Heathkit ET-3200 Digital Design Experimenter 

DC Voltmeter or logic probe 


Procedure 


1. Mount the 4001 CMOS integrated circuit on the breadboarding sock- 
et. Be sure that it is seated firmly straddling the notch in the socket 
and that none of the pins are bent. Connect pin 14 to +5 volts and 
pin 7 to GND to supply power. Figure 4-31 shows the pin connec- 
tions. 


VoD TOP VIEW 





Figure 4-31 


l Pin connections for 4001 CMOS IC. 


SW1 =D 3 
2. Connect one of the four gates in the IC as shown in Figure 4-32. The 


2 e 
input will come from data switch SW1. You will measure the input 
Figure 4-32 and the output states with your DC voltmeter. 
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3. Set SW1 first to the down position then the up position. Measure the 
DC input (pins 1 and 2) and output voltage (pin 3) for each position. 
Record your data in Table I. 


Table I 





4. Assuming positive logic, the output logic levels are: 
binary0 =__.__ SS ts. 
binary1 =____——_volts. 
5. Study Table I. What logic function is being performed? 


6. Wire the circuit shown in Figure 4-33. The inputs come from SW1 si een 
and SW2. You will measure the output voltage C at pin 3 of the 4001 ana 3 
IC. 

7. With SW1 and SW2, apply the input voltages given in Table II. Mea- Figure 4-33 


sure and record the output voltage for each set of inputs. 


Table II 


atte 
— ov | wv] 
To pap 
a a 








8. Using positive logic, convert your electrical truth table in Table II 
into 1’s and 0’sin Table III. 


Table III 
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9. Study Table III. What logic function is being performed? 





10. Using Negative logic, convert the data in Table II into 1’s and 0’s and 
record in Table IV. 


TableIV 





11. Study Table IV. What logic function is being performed? 


12. Remove the wire connecting pins 1 and 2 of the IC to SW1 and SW2. 
Let the gate inputs hang free. Measure the output voltage. 


With open inputs, the CMOS gate output is ————— volts 
or binary ———— for positive e This means that an open 
input acts like a binary 


13. Wire the circuit shown in Figure 4-34. With SW1 (A) and SW2 (B), 
apply the input states shown in Table V. Record the output state for 
each set of inputs. Observe LED indicators L1, L2, and L3 to obtain 
your input and output data. Use positive logic (binary 1 = on, binary 


0 = off). 
SW1l A 5 a 
m D Doe 
L2 Ll 
Y Y 
Se Bs noicatons 





Figure 4-34 


Table V 
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14. Study the circuit in Figure 4-34 and the data in Table V. What logic 
function is being performed? ; 

15. Connect the circuit shown in Figure 4-35. Monitor the inputs and 
output on LED indicators L1, L2, and L3. With SW1 (A) and SW2 (B), 
apply the inputs shown in Table VI. Record the output state (C) cor- 
responding to each set of inputs. Use positive logic. 






l 
SWl A 3 
pz) 1 5 a c EA 
SW2 B 8 6 ) 2 L3 > Cay, 
Lag 10 
L2 Ll 
V VN , 
RA AN Q Figure 4-35 





16. Study Figure 4-35 and Table VI. What logic function is being 
performed? —__. 

17. Modify your circuit in Figure 4-35 by adding the fourth gate in the 
4001 to the output as shown in Figure 4-36. Only the output change 
is shown. The rest of the circuit stays as in Figure 4-35. 





Figure 4-36 
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18. Using SW1 (A) and SW2 (B) data switches and monitoring LED indi- 
cators L1, L2 and L3, apply the states shown in Table VII. Record the 
output state (C) for each set of inputs. 





Table VII 





19. Study Table VII. What logic function is being performed? 


Discussion 


In Steps 3 through 5 you demonstrated how one of the four gate circuits 
in the 4001 1C could be used as an inverter. The two inputs are tied to- 
gether to form a single input line. With this arrangement, the gate per- 
forms as a logic inverter where the input and output are complementary. 





The input from SW1 is 0 and +5 volts. The approximate output levels 
should have been binary 0 = +.1 volts and binary 1 = +5 volts. 


In Steps 7, 8 and 9 you demonstrated the basic logic function of the 
CMOS gate. Using positive logic it performs the NOR function. In Steps 
10 and 11 you should have found that the basic CMOS gate performs the 
NAND function with negative logic. 


In Step 12 you investigated the effect of open inputs. With both inputs 
open, the output could have been any voltage between 0 and +5 volts. 
Open inputs can result in operation in the linear region due to biasing 
by noise at the high impedance inputs. CMOS inputs should never be left 
open. Unused inputs should be connected to another input or, in a NOR 
gate, to ground. 
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You demonstrated that the CMOS gate can be connected to perform the basic 
OR function in Steps 13 and 14. In Figure 4-34, gate 1 is a positive NOR 
(negative NAND) and gate 2 is connected as an inverter to complement the 
NOR and produce an OR output. 





You next connected CMOS gates as an AND circuit and demonstrated its 
function in Steps 15 and 16. In Steps 17, 18, and 19 you added an inverter 
to the output of the AND to produce the positive NAND function. The AND 
and OR circuits are commonly implemented with CMOS NOR gates. 
However, the NAND version shown here is rarely used. A separate positive 
CMOS NAND logic element is available (CD401 1 AE) to eliminate the need 
to interconnect a 4001 as we did here. 
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UNIT EXAMINATION 


The purpose of this exam is to help you review the key facts in this Unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and answer all 
of the questions first before checking the answers. 


1. Thetwo major classes of digital circuits are: 
a. bipolar 
b. linear 
c. hybrid 
d. MOS 
2. The most commonly used IC package for digital ICs is the: 
a. TOS can 
b. Flat pack 
c. DIP, plastic 
d. DIP, ceramic 


3. Which of the following is nota major characteristic of a digital IC? 
a. size 
b. power consumption 
c. speed 
d. noise immunity 
4. Thespeed ofa logic circuit is expressed as: 
a. power consumption 
b. propagation delay 
c. noise immunity 
d. logic levels 
5. Which of the following are current sinking logic? 
a. MOS 
b. TTL 
c. I L 
d. ECL 
6. Which of the following are current sourcing logic? 
a. MOS 
b. TTL 
c. IPL 
d. ECL 
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10. 


11. 


12: 


13. 


. Which of the following is nota bipolar logic circuit? 


a. CMOS 
b. TTL 

c. I7L 

d. ECL 


. The fastest digital circuit is: 


a. CMOS 

b. Schottky TTL 
c. NMOS 

d. ECL 


. Thesecond fastest digital circuit is: 


a. CMOS 
b. Schottky TTL 
c. NMOS 
d. ECL 
The two digital circuits most desirable for battery operation are: 
a. CMOS 
b. NMOS 
c. PMOS 
d. I7L 
The time that it takes a logic circuit to respond to an input and gener- 
ate an output is called: 
a. speed-power product 
b. power dissipation 
c. propagation delay 
d. clock frequency 
Which bipolar circuits are non-saturating? 
a. ECL 
b. Standard TTL 
GFL 
d. Schottky TTL 
Which IC type would be most suitable for noisy industrial applica- 
tions? 
a. TTL 
b. ECL 


c. CMOS 
d. IPL 
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14. Which digital circuit is best based on a comparison of speed-power 
products? 


a. 2 picojoules 
b. 15 picojoules 
15. A multiwire connection between digital circuits is usually called a: 
a. ribbon cable 
b. bus 
c. multiplexed line 
d. wire wrap 
16. The time-sharing of one line with multiple signals is called: 
a. time spacing 





b. simultaneous transmission 
c. bidirectional 
d. multiplexing 
17. Time-sharing of multiple lines carrying digital signals is accom- 
plished by using: 
a. three-state TTL 
b. wired AND connections 
c. disconnect switches 
d. filters 
18. When a three-state TTL circuit is in its third state, its output looks 
like a(n): 
a. short circuit 
b. binary 0 





c. binary 1 
d. open circuit 
19. The ability of a logic circuit to reject unwanted signals is expressed 
as: 
a. noise margin 
b. propagation delay 
Cc. power consumption 
d. logic levels 
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20. 


21. 


22. 


23. 


24. 


29. 


The most widely used type of digital circuit is: 
a. CMOS 
b. MOS 
c. TTL 
d. ECL 
The speed of a logic circuit is generally proportional to: 
a. power dissipation 
b. fan out 
c. noise immunity 
d. size 


Four TTL gates with an average propagation delay of 5 nanoseconds 
are cascaded. The propagation delay of the combination in 
nanoseconds is: 


a. 4 
b.5 
c.9 
d. 20 
A logic gate has a fan out of 8. It is driving three gate inputs. How 
many more gate inputs can it drive? 
a. 3 
b.5 
c. 11 
d. 24 
The main elementin an NMOS logic circuitis a/an: 
a. enhancement mode MOSFET 
b. depletion mode MOSFET 
c. saturated bipolar transistor 
d. Schottky transistor 
An IC with 50 gates would be classified as: 
a. SSI 
b. MSI 
c. LSI 
d. VLSI 
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EXAMINATION ANSWERS 


. a—bipolar, d. MOS 
. c.—DIP, plastic 
a.—size 
b.—propagation delay 
b.—TTL, c. IAL 
d.—ECL 
a.—CMOS 
. d.—ECL 
. b—Schottky TTL 
. a—CMOS, d. I7L 
. C.—propagation delay 
. a—ECL, d. Schottky TTL 
. c—CMOS 
. a.—2 picojoules 
. b.—bus 
. d.—multiplexing 
. a.—three-state TTL, b. wired AND connections 
. d.—open circuit 
. a.—nhoise margin 
. c—TTL 
. a.—power dissipation 
. d.—20 nanoseconds 
4 levels x 5 nanoseconds = 20 nanoseconds 
23. b—5 Fanout = 8-3=5 
24. a.—enhancement mode MOSFET 
25. b.—MSI 
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INTRODUCTION 





Boolean algebra is the special language of digital logic circuits. It is 
a mathematical method of expressing, analyzing, and designing logic 
circuits. It is similar in many ways to conventional algebra. Boolean 
algebra is easy to learn and extremely useful. It is almost essential to 
the proper understanding and application of digital circuits. In this 
unit, you will learn how to use Boolean algebra. You will see how 
truth tables help you to design and understand logic circuits. And you 
will learn how to implement practical digital circuits using integrated 
circuit logic elements. 


The specific things you will learn in this unit are outlined in the Unit 
Objectives which follow. Follow the individual steps listed in the Unit 
Activity Guide. Check off each item as you perform it and keep track 
of your time and progress in the spaces provided. 








5-4 | UNIT FIVE | 


UNIT OBJECTIVES 


When you complete this Unit on Boolean algebra, you will be able 
to: 


1. Define Boolean algebra. 


2. Write the Boolean expression corresponding to a given logic 
circuit. 


3. Draw the symbolic logic circuit implementing or corresponding 
to a given Boolean expression. 


4. Write the Boolean expression corresponding to a given truth table. 


5. Give an example of each of the two basic types of Boolean expres- 
sions (sum-of-products and product-of-sums). 


6. Minimize a given logic expression using the various rules of 
Boolean algebra. 


7. Implement a given Boolean expression with either NAND or NOR 
gates. 


8. Write the two versions of DeMorgan’s theorem. 


9. Write the Boolean expression of logic circuits using the wired 
AND connection. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 


LJ 


Read “Relating Digital Logic Circuits 
and Boolean Algebra.” 


Answer Self-Test Review questions 1-5. 
Read “Truth Tables” 

Answer Self-Test Review questions 6-7. 
Read “Boolean Rules” 

Read ‘‘DeMorgan’s Theorem.” 

Answer Self-Test Review questions 8-19. 
Read ‘‘DeMorgan’s Theorem (Continued).”’ 


Answer Self-Test Review questions 20-26. 





Read “Minimizing Logic Circuits.” 
Answer Self-Test Review questions 27-31. 
Read “Using NAND/NOR Gates.” 

Read “NOR Logic Equivalent Circuits.” 
Answer Self-Test Review questions 32-34. 
Read “NAND Logic Equivalent Circuits.” 
Answer Self-Test Review questions 35-39. 
Perform Experiment 7. 

Perform Experiment 8. 


Complete the Unit Examination. 


D 0 0 0 0 0 0 0 0 O O0 O O0 0 U OU U 0O 0O 


Review the Examination Answers 
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RELATING DIGITAL LOGIC CIRCUITS 
AND BOOLEAN EQUATIONS 





Boolean algebra is a simplified mathematical system used to deal with 
binary or two value functions. It permits us to express all of the various 
logic functions, both simple and complex, in a convenient mathemati- 
cal format. This system gives us a method of understanding and design- 
ing digital logic circuits. 


The mathematical expression of logic functions permits a convenient 
means of analyzing and expressing operations in digital circuits. It also 
aids greatly in design. The proper application of Boolean algebra usu- 


ally results in the simplest, least expensive, and most efficient logic 
circuit design. 


Most digital equipment in use today is made with integrated circuits. 
Boolean algebra is used in designing these devices. The applications of 
integrated circuits in the design of modern electronic equipment, also in- 
volves Boolean algebra, but to a lesser extent. At one time, the engineer 
or technician designing a digital system had to design not only the logic 
functions but also the circuits to implement them. Boolean ‘algebra was 
his primary design tool. 





Today, the engineer and technician using and designing digital circuits, 
finds Boolean algebra most valuable in expressing and analyzing logic 
circuits. His design job is basically that of choosing and using existing 
integrated circuits to implement the functions required by the applica- 
tion. Occasionally, Boolean algebra will be used to minimize a function 
and achieve an efficient design. 
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Review of Basic Functions 


A Boolean expression is an equation that expresses the output of a 
logic circuit in terms of its inputs. You were introduced to Boolean 
expressions when you studied basic logic gates. The binary inputs and 
outputs were expressed as letters of the alphabet, alpha-numeric combi- 
nations, abbreviations, or short words called mnemonics. For example, 
in the AND gate in Figure 5-1, the inputs are A and B and the output 
is C. 


Note that the output C is expressed in terms of the inputs. The dot 
between the A and B indicates the AND function. The output expres- 
sion C=A ° B is read C equals A AND B. Remember that the inputs 
and outputs are binary signals which may assume either the binary 
0 or binary 1 state. 


As another example, the output expression of the AND gate in Figure 
5-2 is X = C*D-E. In most Boolean expressions for the AND function, 
the dot between each input variable can be eliminated and the expres- 
sion written as a standard algebraic product like X = CDE. The AND 
function is sometimes referred to as the logic product. 


Consider the output expression for the AND gate in Figure 5-3, VL 
= JRF •» LEF ¢ KMD « CME. In this expression, each input is identified 
by a 3-letter combination called a mnemonic. The output is a 2-letter 
mnemonic. The dot between each input not only designates the AND 
function but also helps to separate or distinguish the inputs from one 
another. Occasionally you will see parenthesis used to separate the 
inputs and indicate the logic product or AND function. 

VL = (RF) (LEF) (KMD) (CME). 


In the previous examples, you wrote the output equation of a given 
gate. Now, to be sure you understand the principles, let’s translate from 


the equation to the gate. Consider the circuit that implements the func- 
tion W = (F) (MX) (G). See Figure 5-4. 


F 
G 


Figure 5-4 


Figure 5-1 


Figure 5-2 


LEF vi 
CME 


Figure 5-3 
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Figure 5-5 


INV CTL=INV 


Figure 5-6 


D 
F=D+E 
E 


Figure 5-7 


Other logic functions like inversion are also expressed with Boolean ex- 
pressions. For example, if the input to an inverter is B and the output is 
designated Z, the output expression is Z = B. The output of an inverter 
is the complement of the input. This is expressed by putting a bar over 
the input variable. The term B is expressed as NOT B or B NOT. The term 
NOT refers to logic inversion. See Figure 5-5. 


Another example is the logic circuit corresponding to the expression CTL 
= INV in Figure 5-6. The output CTL is the complement of the input INV. 
CTL = INV. | 


Another common logic function is the OR. In an OR gate, the output 
will be binary 1 if any one or more inputs are binary 1. A typical 
OR logic gate and its related output expression is shown in Figure 
5-7. The plus sign between the input variables designates the OR func- 
tion. It is sometimes referred to as the logic sum. Figure 5-8 further 
illustrates the OR function. The output expression of the logic gate 
in Figure 5-8 is Y = ZT + K + MA. The plus sign or OR function 
separates the input variables. : 


Now, consider the logic circuit for the expression FN = MAF + DG 
+ BF + JS. See Figure 5-9. 


MAF 
_2t DG EN 
K Y=ZT+K+MA BF 
MA JS 
FN=MAF+DG+BFtJS 


Figure 5-8 Figure 5-9 
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Boolean Formats 


While there are some simple digital control operations that can be im- 
plemented with a single logic gate, more often it is necessary to use a 
number of logic gates to implement the desired decision-making func- 
tion. When two or more logic elements are combined, the result is known 
as a combinational logic circuit. The circuit usually has multiple inputs 
and either a single output or multiple outputs depending upon its exact 
function. Any combination of multiple ANDs, ORs, and NOTSs is called 
a combinational logic circuit. Such circuits are used for sophisticated de- 
cision-making functions. 


- There are many common combinational logic circuits used in digital 
equipment. They perform specific functions that tend to regularly reoc- 
cur in digital equipment. However, regardless of the type of combina- 
tional logic circuits there are two basic circuit forms. These are referred 
to as the sum-of-products and product-of-sums circuits. Here the term 
product refers to the AND function while the sum refers to the OR func- 
tion. 


The AND function is written in the same form as the algebraic product 
or the multiplication of two variables. (A AND B = AB) The OR func- 
tion is written as the sum of two input variables. (D OR E = D + 
E). The sum-of-products or product-of-sums expressions combine the 
AND and OR functions in a variety of ways. 


SUM-OF-PRODUCTS 


The most commonly used Boolean expression of complex decision- 
making functions is the sum-of-products. The expression X = A • B 
+ Ce De Eis an example. 


Figure 5-10 shows the logic circuit implementing this sum-of-products 
logic function. Here AND gate 1 forms the logic product AB while gate 
2 forms the product CDE. These products are summed or logically ORed 


in gate 3 to form the output expression. This is what is meant by the 
sum-of-products. 


Another example of the sum-of-products format is the expression QT 
= PJeW + HV•°LM + GND °| C» F. The various inputs are ANDed 
together in several combinations which are then ORed together. The 
circuit for this function is shown in Figure 5-11. The distinguishing 
feature of this circuit is that the inputs feed AND gates and the output 
is derived from an OR gate. 


A A'B 
B 
C 
an C-D-E 
X*A°B+C-DeE 
Figure 5-10 
PJ 
W 
HV 
LM 
-~ GND 


QT=PJ*-W+HV-LM+GND°C-F 


Figure 5-11 


QT 
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ol 
Ol 


mo 





|2 Dn 


L> (M+N) (P+Q) 


Figure 5-12 
ABC 
DE 
F2=ABC+DE 


Figure 5-13 


Figure 5- 14 


PRODUCT-OF-SUMS 


The other type of Boolean expression is the product-of-sums. An exam- 
ple is the expression L = (M + N) (P + Q). The equivalent circuit 
is shown in Figure 5-12. Inputs M and N are ORed together in gate 
1 while inputs P and Q are ORed in gate 2. The two logic sums are 
ANDed in gate 3 to produce the logic product. In this arrangement 
the distinguishing feature is the OR gate inputs and AND gate output. 


Relating Circuits and Equations 


You should be able to write the Boolean expression from any logic circuit 
and draw the logic circuit corresponding to a given Boolean equation. To 
write the equation of a given logic circuit, you start at the inputs and write 
the output expression for each gate in the circuit from left to right until 
the output equation is developed. The unique gate symbols of course will 
tell you the logic function being performed. The example in Figure 5-13 
illustrates this procedure. 


You first write the output expressions for the two input AND gates. These 
expressions become the inputs to the OR gate whose output equation is 
then written. The result is the Boolean expression for the circuit. 

F = ABC + DE 


Now look at the circuit in Figure 5-14. Its output equation is F = B6 • 
JQ + M8*°X + TeV + Y. You simply write the output for each of the 
AND gates and use these as the inputs to the OR gate. Working this way 
from left to right quickly produces the complete output expression. 


This procedure of writing the equation for a given circuit also works 
on a product-of-sums circuit like the one in Figure 5-15. The output 
expression of this circuit is Z = (T + U) • (V + W) e X. The logic 
sums are formed by gates 1 and 2 and their outputs are combined to 
form the logic product in the output AND gate 3. Let’s take one more 
example. The output of the circuit in Figure 5-16 is OPR = (A3 + 
B4) (JMP + TO + CLK). 


T (T+U) A3 
U B4 
ý 7 , OPR= 
Ta JM 
W = 
(V+W) 16 CLK 
X 


Z=(T+U)(V+W)X 
Figure 5-15 Figure 5-16 
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To draw the diagram corresponding to a given expression you first study 


the equation to determine whether it is a sum-of-products or product-of : LM 

sums. This will give you the type of output gate. Then you work back- ; 
ward from the output developing the inputs and outputs from right to z 

left. E CE 


Z i K=LM+TE 
For example, consider the expression K = LM + CE. This is in sum-of- 


products form so the output gate is an OR. The inputs to this OR gate are Figure 5-17 
LM and CE. Each of these is a product that is developed by an AND gate 
with the appropriate inputs. See Figure 5-17. 


Consider the circuit for the expression SH = (CLK + T5) ENB in Figure 

5-18. This expression is in product-of-sums form but here there is only cux 

one logic sum (CLK + T5). The output is a product, however, and t ENB = 
is produced by an AND gate. SH=ENB(CLK+TS) 
One more example is given in Figure 5-19. This is the circuit for the Figure 5-18 
expression Y = ADD «CY + SUB~« INV + MPY ° ADD ° SUB. This 

is sum-of-products form. Note that some of the input signals (ADD, 

SUB) are applied to more than just one of the input gates. 


So far we have only worked with two levels of logic, that is the inputs 
are conditioned by two sets or levels of logic gates in cascade: ANDs 
into OR or ORs into AND. Other more complex logic networks use 
three, four or even more levels of logic. The expression and circuit 
in Figure 5-20 is one example. Here both the sum-of-products and prod- 
uct-of-sums formats are combined. There are three levels of logic in 
this circuit. The input signals must propagate through a series of three 
gates before a level change occurs at the outputs. Input C on gate 5 
only propagates through two levels. 








ADD 
CY A 
B 
SUB : K 
INV B 
C 
A 
MPY C 
ADD 
SUB 


X2(AB+AB)(Ct+AC) 


Y=ADD*CY+SUBsINV+MPY*ADD*SUB 


Figure 5-19 Figure 5-20 
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Another 3-level logic circuit is given in Figure 5-21. The output expres- 
sion is F = (A + B) (A + B) + (B + C) A. Again you can see that the 
sum-of-products and product-of-sums are combined to form a three level 
logic circuit. 





OD PIS >l o> 


Fe(A+B)(A+B)+(B+C)A 


Figure 5-21 




















Self Test Review 
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1. The mostcommonly used logic format is: 


A. Sum-of-products. 

B. Product-of-sums. 

C. Combination of A. and B. 
D. Neither A. or B. 


2. Draw the circuit for the expression M = VW + XY + WXY. 


3. Draw thecircuitfor the expression F = T (U + V) (T + W). 


4. Write the Boolean expression for the circuit in Figure 5-22. 


Figure 5-22 


5. Write the Boolean equation for the circuit in Figure 5-23. 


Answers 


1.  A.Sum-of-products. 
2. SeeFigure 5-24. 

3. See Figure 5-25. 

4. T=JK+KL+M 


5. F=(A+B)(C+D+E) 


< Xx S <i 


zw 
Y 


M=VWtXY +WXY 


Figure 5-24 


mi ow P 


Figure 5-23 


s-| <jc - 


FeT(Ut+VI(T+W) 


Figure 5-25 


5-14 UNIT FIVE 





TRUTH TABLES 


One of the most useful tools for analyzing, designing or otherwise work- 
ing with digital circuits is the truth table. A truth table is a chart that 
lists all possible input and output signal combinations for a given logic 
circuit. The truth table is a tabular listing of all input and output states 
in binary 0 and^ form. The truth table completely defines the operation 
of the circuit. You can look at a truth table and quickly identify which 
specific combination of input states that will produce a binary 1 (or 
binary 0) output. 


Truth tables are used in defining the operation of simple logic circuits 
like inverters and gates as well as more complex combinational logic 
circuits. You have already seen how truth tables are used in defining 
the basic logic operations such as AND, OR, and NOT. 








Figure 5-26A 


Figure 5-26 shows the truth tables for the three basic logic functions: 
invert, AND and OR. 


In Figure 5-26A, the truth table for an inverter shows both the inputs and 
corresponding outputs. The output A is always the opposite or comple- 
ment of the input A. 


The truth table for a two input AND gate is illustrated in Figure 
5-26B. The inputs A and B define all possible input combinations. 





Figure 5-26B 


Column C shows the output state corresponding to each input combina- 
tion. The output is binary 1 only when both inputs are binary 1. This is 
true of any AND gate. 
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The truth table defining the operation of an OR gate is given in Figure 
5-26C. The outputis a binary 1 if any or all inputs are binary 1. 












INPUTS OUTPUT 
D E F 
ooo 0 | 0 


Figure 5-26C 


The total number of possible input conditions in a logic circuit is 2” 
where n is the number of inputs. With two inputs there are 22 = 4 
possible input conditions. If we treat the inputs as bits in a multibit 
binary word, we can quickly define and record all input states by using 
the binary number equivalents. For example, with four possible input 
states we use the four numbers 0 through 3 or 00, 01, 10, and 11 in 
binary. These are all possible combinations for a two bit word. 


A logic circuit with three inputs has 2? = 8 different input conditions. 
We represent the eight possible input conditions with the binary equi- 
valent of the numbers 0 through 7. If the inputs are designated X, Y, 


and Z, the input states are as shown below. 
INPUTS OUTPUT 
Y W 


pS 











mò ò m = O O OO 
= =e OO0OrmeOoOO 
POrROrRrOPROJIN 
mò ò ò Se Se BS d O 


This particular method of listing all possible input combinations by 
counting from zero through the upper limit is orderly and conve- 
nient. 
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There are two basic ways of using truth tables in logic work. First we 
can develop a truth table from a given logic circuit, and second we 
can develop an equation or logic circuit from a given truth table. The 
circuit-to-table method is useful in circuit analysis. The table-to-equa- 
tion or circuit is a useful design method. 


Developing the truth table for a given circuit starts with defining all 
of the inputs. Then the output for each gate in the circuit is developed 
until the final output is obtained. Consider the circuit shown in Figure 


A 
B R 5-27. The Boolean output expression for this circuit is D = AB + 
C. The output of gate 1 is AB and the output of inverter 3 is C. These 
c signals are ORed in gate 2 to produce D = AB + C. 
To develop the truth table for this circuit, we start with the inputs. 
Figure 5-27 


Since there are three inputs there are 2° = 8 possible input conditions 
that we define with the three bit numbers 000 through 111 as indicated 
in the table below. In the table we also create a column for the output 
of each gate or element in the circuit. 


OUTPUTS 


AB 











; 5 0 x = 
0 ; 1 0 0 0 
0 1 0 0 1 1 
0 1 1 0 0 0 
1 0 0 0 1 1 
1 0 1 0 0 0 
1 1 0 1 1 1 
1 1 1 1 0 1 





Observing the inputs, we can fill in the AB and C columns. The C 
is simply the complement of the C input column. To complete the 
AB column, you consider the A and B inputs and their effect on the 
AND gate output. Next, to find the D output, you note that the AB 
and C outputs are ORed in gate 2. You complete the D column by 
recording a binary 1 each time either one or both of the AB or C columns 
are binary 1. Check this in the table above. 





Boolean Algebra 5- 1 T 





Now, consider another example. Let’s create a complete truth table for 
the circuit in Figure 5-28. The results are shown below. 


| oD | E | F |[(D+E) JE+F] G 


0 0 0 
1 1 
0 1 
1 1 
0 0 
1 1 
0 1 
1 1 


To produce this table you first note the number of inputs. There are three 
different variables D, E, and F so there are 2° = 8 possible input combina- 
tions. 





Figure 5-28 


= ò m e Å OOOO 
= = OO KH = OO 
ð p j ò p pà O 


mae 





Next you create a column for each gate output. In this case, gate 1 output 
is (D + E), gate 2 output is (E + F), and the final output at gate 3 is G 
= (D + E) (E + F). 





To fill in the (D + E) column you OR together the D and E input columns. 
You record a binary 1 when either one or both column D or E are binary 
1. You complete the (E + F) column in a similar manner considering all 
eight E and F input combinations. 


Finally, you AND together the (D + E) and (E + F) columns, recording 
a binary 1 in the G column only when both (D + E) AND (E + F) columns 
are binary 1. 


The truth table like the one you developed above completely defines the 
circuit operation for all possible conditions. And your analysis is thor- 
ough because to obtain the final output you had to derive the outputs of 
all other gates in the circuit. 


In designing digital circuits we use the opposite approach. We develop 
a truth table as the result of our design. In designing a logic circuit we 
designate the number of inputs and what the output state should be for 
each set of input conditions. Then we write the Boolean equation from 
the truth table. From there the equation is readily translated into a logic 
diagram. 


Assume that the circuit we want to design has two inputs A and B and 
we want a binary 1 output C to occur when A is 0 and B is 1 or when 
Ais 1 and B is 0. Otherwise the output is binary 0. 
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The truth table outlining these conditions is shown below. 


A 






B 
0 
1 
0 
1 


To write the Boolean equation from this table we observe column C, not- 
ing those input states where binary 1s occur in the output. Then we write 
a sum-of-product Boolean expression based on these inputs. For each bi- 
nary 1 state in the output we write one product term for the equation then 
we logically sum (OR) these terms. 


The product terms are written from the input states. If the input is binary 
1 we write the input letter. If the input is binary 0 we write the comple- 
ment of the input letter. For example, when A is 0 and B is 1, the product 
term is AB. Where A is 1 and B is 0, the product term is AB. The input 
conditions for each binary 1 output state are now defined. The product 
terms are then ORed. The result isC = AB + AB. 


Take another example. Write the output equation from the truth table 
below. 


INPUTS OUTPUT 





The correct equation is L = J K + JK. A binary 1 output occurs for two 
of the four possible input combinations. Therefore you know that the 
sum-of-product output equation will include two product terms. The in- 
puts are ANDed to form these products. The first output occurs when J 
= 0 and K = O. Therefore the corresponding product is J K. The second 
output is binary 1 when J = 1 and K = 1. The product defining this condi- 
tion is JK. To obtain the complete output expression we logically sum 
(OR) these products. L = JK + JK. 
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From here the logic diagram can be drawn. See Figure 5-29. 


Now let’s try a more complex problem. Write the equation and draw the 
circuit corresponding to the truth table below. 









INPUTS OUTPUT 










A B c| D | m 

0 0 0 0 L=JK+JK 

i j 1 1 Figure 5-29 
0 1 0 0 

0 1 1 0 

1 0 0 1 

1 0 1 0 

1 1 0 0 

1 1 1 1 


In this problem there are three inputs, so each product term will have 
three factors and the number of product terms is set by the number 
of times a binary 1 output appears in the D output column. You develop 
each product by looking at the input states and writing the variable 
when a binary 1 input occurs and the complemented variable when 
a binary 0 input occurs. The product term when A = 0, B = 0, and 
C = 1 is A BC. Once all the product terms are developed they are 
ORed together to obtain the output. The final equation is D = A B 
C+ABC+ ABC. 





The logic diagram is then drawn from the equation. See Figure 5-30. 
Note in the logic diagram that inputs A, B, and C are considered to 
be available and signals A, B, and C are generated with inverters. In 
some circuits the complement signals may already be available from 
other sources in which case the inverters can be omitted. 





D:-ABC+ABC+ABC 


Figure 5-30 
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Self Test Review 





6. Developatruth table for the circuit shown in Figure 5-31. 


7. What is the Boolean equation corresponding to the 1 outputs in the 
truth table below? 















Figure 5-31 


INPUTS OUTP 


“i 


hanes 
= e COO KH KF O + 








Answers 


6. 










OUTPUTS 


BC 









wee 1 ons 





oo Fr KF OOF me 





= m e =e OOOO 


mf 
oor © OO OC e 
ti 





Pre OOrFrF OC SO 





7. V=RST + RST + RST + RST 














BOOLEAN RULES 


As we mentioned earlier, the primary benefit of Boolean algebra to 
a technician or engineer today is in analyzing, understanding, and con- 
cisely expressing digital logic functions. The availability of a wide vari- 
ety of integrated circuits has greatly minimized the use of Boolean 
algebra as a design tool. However, even with modern ICs, the designer 
can often benefit from the use of Boolean algebra in minimizing or 
implementing a function. 


Boolean algebra is the algebra of two-valued functions. Many of the 
ordinary rules of algebra such as factoring or expanding a function, 

apply to Boolean expressions. However, the binary nature of the func- 
tions greatly simplifies most of the operations. There are also numerous 
special rules that apply to handling binary logic functions. We will 
explain these rules in this section and show how they are used. 


The Laws of Intersection, for example, apply to AND gates. The two 
forms of this law are stated below. 


A*(1)=A 
A*(0) =0 


Remembering that A is a binary signal that can be either binary 0 or bi- 
nary 1, we can prove the validity of these expressions if we remember 
how an AND gate works. The first expression simply says that if we apply 
a binary 1 to one input of an AND gate and the signal A to the other input, 
the output will be A. The binary 1 input simply enables the gate so that 
the A input state controls the output. If A = 1, the output will be 1. If 
A = 0, the output will be 0. 


The circuit in Figure 5-32 expresses this relationship. 


Figure 5-32 


Boolean Algebra 5-21 


9- 22 UNIT FIVE 


A 
0 
n 


Figure 5-33 


B 


B+0=B8 
0 


8 
B+l=l 
J > 


Figure 5-34 


The other form of the Laws of Intersection is just as easy to understand. 
A(0) =0 


It says that if one input to an AND gate is 0 and the other is A, the output 
will always be 0. Remember that the only time the output of an AND gate 
can be 1 is when all inputs are binary 1. If one input is fixed at 0, the out- 
put will always be 0. The circuit in Figure 5-33 expresses this. The Law 
of Intersection works for AND gates with more than two inputs. For ex- 
ample, DeE*(1) = DeEand DeE*(0) = 0. 


Another similar set of rules exist for OR gates. These are called the Laws 
of Union. Expressed algebraically they are: 


/ B+1=1 
B+0=B 
These rules are illustrated in Figure 5-34. These expressions, like those 
for the AND gate, almost perfectly define the operation of an OR gate. In 
the first version, if we apply a binary 1 to one input of an OR gate and 
a signal B to the other, the output will always be binary 1 by definition 
of an OR gate. If one input to an OR gate is binary 0, the other input B 
will control the output. 


The Laws of Tautology apply to both AND gates and OR gates. The basic 
rules are given below. 


The logic symbols illustrate these rules are shown in Figure 5-35. 


A-A =À 


B+B:B 


Figure 5-35 
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What these expressions say is that if you apply the same signal to all in- 
puts of a logic gate, the output will be the same as the input. You can 
prove this to yourself by looking at the truth tables for AND and OR gates. 


JMX 
We can use the Laws of Tautology to simplify the expression QT = JMX ne 3 > QT 
+ JMX + F9. Since JMX + JMX = JMX, QT = JMX + F9. The JMX term 7 

is redundant. In terms of circuitry you can see the simplification. The cir- a 


cuit in Figure 5-36A implements the original expression. Figure 5-36B 
° ° fo ° ° ° J M X 
shows the simplified but fully equivalent circuit. s 7 > QT 
This same simplification procedure applies to AND gates. oe 


Consider the expression X = Q* QJ. The original and simplified Figure 5-36 
logic diagrams implementing this equation are shown in Figure 5-37. 
The original circuit can be implemented as shown in Figure 5-37A. 
The simplified but equivalent circuit is shown in Figure 5-37B. The 
logic function is identical. Now you are beginning to see that the value 
_ of Boolean algebra is simplifying the design of a circuit. 


Q 
Q X 
J 
(A) 
Another Boolean law is the Law of Complements. The two versions are J y 
Q -- @ aa 
(B) 


A 


-A=0 
B+B=1 





Figure 5-37 
If we apply a logic signal and its complement to a logic gate, the output 


becomes either a binary 0 or a binary 1 depending on type of logic gate. n 
This is illustrated in Figure 5-38. T 0 


If you look closely at these circuits and analyze what happens, you will 
see that in either case the output is not affected by the state of the input. 
It can be either a 1 or a 0 and the output will be binary 0 for the AND ° l 
gate and binary 1 for the OR gate. You can further verify these laws by 
referring to the AND and OR truth tables. A binary 0 on either input of 


an AND gate will always produce a binary 0 output. A binary 1 on either Figure 5-38 
input of an OR gate will always produce a binary 1 output. 





5-24 UNIT FIVE 


Now consider the Law of the Double Negative. 





Â =A 


It says that the complement of the complement of A is equal to A. Or a 
signal that is complemented twice is the same as the original signal. You 
can see this from the circuit in Figure 5-39. If input A is 1, the output of 
inverter 1 is 0 and the output of inverter 2 is 1. Complementing a signal 
twice, or any even number of times, gives us the original signal. 


>I 

> 
) 
> 


Figure 5-39 


For simplicity, if you encounter two inverters in cascade, you can simply 
remove them and substitute a piece of wire since the effect is the same. 
Three cascade inverters or any odd number produces the same effect as 
a single inverter. 


Another Boolean rule is the Law of Commutation. This is the same rule 
from basic algebra. The two forms of it are: 


AeB=BeA 
A+B=BtA 


All it really says is that you can arrange the inputs to AND or OR gates 
in any order and the effect is the same. You can write the input variables 
in any order and they will mean the same thing. 





W+tX+Y=X+Wt+Y=YtWwWtX 


Also JML = LJM = MLJ = JLM = LMJ = MUL. The order of the 
inputs are different, but the logic result is the same. 


Now let’s give you some practice in using these rules. What are the 
simplifications of the expressions below? 


a A+Bt+A= 
b. BCB = 

c.C+1+B= 
d.X+Y+X= 


Work these problems using the previously discussed rules. The correct 
answers are given in Figure 5-40. 
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NTW 
= o> 


d. 1 

In problem (a) you first rearranged it by using the Law of Commuta- 
tion A +B + A = A + A + B. By the Law of Tautology, you know 
that A + A = A,sothe resulting simplified equation is A + B. 


In problem (b) ) you again rearrange the term using the Law of Com- 
mutation. BCB = BBC. From the Law of Complements you know 
that BB = 0. Substituting this in the expression gives 0° C. You 
know from the Law of Intersection that 0*CorC*0 = 0. 


In problem (c) you should recognize the Laws of Union. C + 1 + 
B= 1. 


In problem (d), you first rearrange the equation by way of the Law 
of Commutation to X + Y + X = X + X + Y. The Law of Comple- 
ments says that X + X = 1. Therefore, the equation becomes 1 + 
Y. Of course this reduces to 1 by way of the Law of Union. 





Figure 5-40 


Now try a few more examples using the previous solutions as a guide. 
But this time draw the logic diagram of the original expression as well 
as the simplified version to get a feel for the result of Boolean simplifica- 
tion in terms of circuitry. 


a L+M+M 
b. JKKL 
c.F+T+F 
d.B+ACA+D 


The answers are given in Figure 5-41. 
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a L+M+M=L+4+1=1 





The three input OR and inverter called for by the original expres- 
sion reduces toa single wire with a binary 1 onit. 


L 
"O 
b. JKKL=Je0*L=0 


The reduced expression is simply a binary 0 level. 


cF+T+F=F+F+T=F+T 


> > 

T a 

F T 

d. B+ACA+D=B+AAC+D=B+0-C+D= 
B+0+D=B+D 


A = 
B 
D 


Figure 5-41 





By now you should be able to see the value of Boolean algebra in 
simplifying a logic expression and minimizing the amount of circuitry 
required to implement it. Fewer parts means lower cost, smaller size and 
less power consumption. 


Another Boolean law identical to the basic algebra rule is the Law of As- 
sociation. These are: 


(A°B)C = A(BeC) = A*BeC 
A+(B+C)=(A+B)+C=A+B+C 














You can see the circuitry simplification that results by applying these 
rules. See Figure 5-42. Note that we trade two 2-input AND gates for a 
single 3-input gate. The OR gate circuit equivalents for the Law of Associ- 
ation are given in Figure 5-43. 


Note that the logical effect is the same for either version of the circuit. 
The three input gate is usually more economical than two 2 input gates. 


Now let’s consider the Laws of Distribution. We will use some of the rules 
described earlier to prove this law. The Laws of Distribution are: 


AB+ AC=A(B+(C) 


You should be able to infer this because all you are doing is factoring out 
one term (A) as you would in basic algebra. 


The logic diagrams for each side of the above equation are shown in Fig- 
ure 5-44. 


8 AB 
= C A 
C AC 


Figure 5-44 


Not only is there a reduction in the number of circuits used, but also 
note that the expression changes from a sum-of-products to a product- 
of-sums form. 


You can also use a truth table to show that the logic effect of both 
circuits is identical. 
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A 
B C C 


Figure 5-42 


A+B+C 


A A+B 


A T 
+ 
B C =D ee 


C 


Figure 5-43 
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The table appears as shown below. 











2 
A 


GATE OUTPUTS 
AB | AC | AB + AC A | B+CJA(B+C) 
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equal 


The table shows the eight possible input combinations of the three vari- 
ables. It also shows the outputs of the intermediate and output gates for 
both the sum-of-products and product-of-sums forms. And they are 
equal. This shows you another use of truth tables in analyzing and under- 
standing logic circuits. 





Another version of the Laws of Distribution is 
(A + B)(A + C) = A + BC 
Note the format of the original and simplified versions. 


The original expression is in the product-of-sums form but is changed to 
the sum-of-products form when is is simplified. The logic diagrams of 
the two versions illustrated in Figure 5-45 show this difference. 


B (A+B) 
(A+B)(A+C) 


A B 
Figure 5-45 


You can use truth tables to prove the equality of the two expressions or 
circuits. 
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See the table below. 


ajar armaro [a [ee are 
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Another way to prove the equality of these expressions is to use some of 
the Boolean rules learned earlier. 


(A + B)(A + C) =A+ BC 
First expand the expression on the left side of the equation as you would 


any algebraic expression. Multiply each term by the others and sum the 
products as shown. 





(A + B)(A + C) = AA + AC +AB + BC 


Next, this can be reduced by substituting A for AA and factoring an A 
out of the first three terms. 


A+ AC + AB + BC=A(1+C+B)+BC 


Then, the Laws of Union will reduce (1 + C + B) to 1 and the expression 
becomes 


A(1) + BC 
Finally, the Laws of Intersection makes this 


A+ BC 
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Next there are the Laws of Absorption. There are four versions. 


A(A+B)=A 
A(A + B) = AB 
AB+B=B 


AB+B=A+B 


Now let’s use the previously explained Boolean rules to prove the first 
expression. 


A(A+B)=A 


A(A + B) 

Expand by multiplying (Distribution) 
AA + AB 

Replace AA by A (Tautology) 
A+ AB 

Factor out A 

A (1+ B) 

Replace (1 + B) by 1 (Union) 

A (1) 

Replace A (1) by A (Intersection) 
A = A (A + B) 





Next let’s prove A (A + B) = AB 


A (A + B) 

Expand by multiplying (Distribution) 
AA +AB_ 

Replace AA by 0 (Complements) 

0 + AB 

Replace AB + 0 with AB (Union) 

AB = A (A + B) 
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The other Laws of Absorption are more difficult to prove. You can use 
truth tables as we did before. But it can be done with Boolean Algebra 
by usinga trick. Let’s prove that 


AB+B=A+B 





There isn’t anything we can do with the expression on the right side of 
the equation. So let’s multiply the B term by (A + 1). Since A + 1 = 1 
and B (1) = B we will not change the original meaning of the expression. 
It is equivalent to multiplying a term by 1. Therefore 

AB + B=AB+B(A +1) 


Now we will use Boolean rules to further reduce this expression. 
AB + B(A + 1) 

Expand by multiplying (Distribution) 

AB + AB+B 

Factor A out of first two terms (Distribution) 

A(B+B)+B 

Replace (B + B) with 1 (Complements) 

A(1)+B 

Replace A (1) by A (Intersection) 

A+B 





You can use the same trick to prove the expression. 


AB+B=A+B 
AB+B 
Multiply B by (A + 1) (Distribution) 
AB + B(A + 1) 
Expand by multiplying (Distribution) 
AB + AB + B 
Factor A out of first two terms (Distribution) 
A (B + B) + B | 
Replace (B + B) by 1 (Complements) 
A(1)+B 


Replace A (1) by A (Intersection) 
A+B=AB+B 
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DeMORGAN’S THEOREM 





Another important Boolean rule is DeMorgan’s theorem. There are two 
basic forms of it as indicated below. 

AB = A+B 

A+B=AB 


One way to prove the equality of these expressions is by a truth table. The 
first expression above is proven this way as indicated below. 


INPUTS OUTPUTS 





There are two variables A and B so there are four possible input combina- 
tions. These are indicated in columns A and B. Columns are also pro- 
vided for the other terms called for by the expressions 


A,B, ABand (A + B) 





Using the inputs as a guide these other columns are completed. Go 
through each column yourself to be > sure you understand how each state 
is obtained. Note the equality of the AB and A + B columns. 


Now let’s prove the expression A+B = AB. 





Remember if A = 0, A = 1. 


The correct proof of the expression A+B = AB is shown above. 
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Like other Boolean rules, DeMorgan’s theorem is useful in minimizing 
logic equations. For example, the expression 


X= ABC + A+C 


cannot be simplified by first using the previously given Boolean rules. 
It can only be reduced by using DeMorgan’s theorem first, then the 
previously given Boolean rules. 


DeMorgan’s theorem is used to split or join vincula (complement bar). 
When a vinculum is split, every sign over which the splitting takes 
place changes from OR to AND or AND to OR and the bars are distri- 
buted over the individual terms. Let’s consider an example where fac- 
tors are ORed. 


+ fo Breaking or splitting vinculum at arrows. 


J+K+L 


| t Sign directly under the break changes 


from OR to AND. 
The result is, J K L. 


Let’s consider an example where the factors in an expression under the 
vinculum are ANDed such as EHDL. 





EHDL Splitting or breaking vinculum at arrows. 
Sign directly under the place where the 
bar is split changes from AND to OR. 

Theresultis,E +H+D+L 


When vincula over individual factors or groups of factors are joined, the 
signs change from AND to OR or OR to AND. Consider an example where 
the factors are ANDed. 
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Drawing a line to complete the space be- 


‘tween the arrows to make a continuous 
bar. 
Sign directly under where vincula are at- 


tached changes from AND to OR. 





>| 
bol 
Ol- 


TheresultissA +B +C 


An example where the factors are ORed is as follows: 


cl 


tween individual vincula to make one con- 


tinuous vinculum. 
er directly under where the space had 


been changes from OR to AND. 


+V+W Line drawn to complete the space be- 
$ 


The result is: U V W 


Another rule to remember when using DeMorgan’s theorem is; when 
you change signs in an expression, group the same letters that were 
grouped originally. For example, 


AB + C becomes (AB)C = (A + B)C = AC+ BC 





Notice in the above example that the AND sign between factor A and 
factor B is a sign of grouping. Breaking the vinculum results in a sign 
change from AND to OR. Since the resulting OR sign is not a sign 
of grouping, parenthesis or brackets are used to indicate that the factors 
A and B were previously grouped. 


Make sure you always follow the “signs of grouping” rules; otherwise, 
you will have errors. If we take the same example A B + C and do 
not apply the rule (do not place brackets or parenthesis around AB 
before breaking the vinculum), we would get the following: 


Break Vinculum A B+C 


Becomes A+BC This result indicates that B is 
grouped with C instead of A. 


When the rule is properly applied, we have 
AB+C 


Insert grouping (AB) + C 


Break Vinculum (AB) + C 


becomes (A+B C A and B are still grouped as before 
Multiplying C+ 


>I 





>| 
ee] 
Ol 
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Another type of expression dealing with signs of grouping is, 
(Y + Z) X + W. In this example, X is grouped with the entire expression 
Y + Z within the parenthesis. In many cases such as this, you could 
use any of the previously presented Boolean rules to simplify the ex- 
pression before splitting the vinculum. Your procedure should be as 


follows: 

è Temporarily ignore vinculum (Y+Z)X+W 

è In this case, apply the law of XY + XZ +W 
distribution to clear parenthesis. ee 

è Split vinculum at OR signs and XY XZ W 


_ change sign of operation. 
Note: There are two signs of grouping in the expression up to this 
point. The vinculum over XY and XZ as well as the AND signs between 


X and Y and X and Z. 

Insert appropriate grouping signs [XY] [XZ] W 

è Split vinculum [X+Y] (X+Z]W 

è Law of Distribution [XX +XZ+XY+YZ]W 
è idempotent (Tautology) [X+XZ+XY+YZ] W 

è Factor out X (X(1 + Z+ Y) + YZJW 

è Law of Union (X(1) + YZ]W 

e Law of Absorption (X + YZI W 

è Law of Distribution WX + WYZ 


The two major facts to remember about the above procedure is: 
1. Watch your signs of grouping. 


2. Simplify expression under vinculum as much as possible 
before splitting vinculum. 


There is an alternate method which often can result in fewer steps. 
Let’s use the same example (Y + Z) X + W. However, instead of apply- 
ing the law of distribution to remove the parenthesis as we did previ- 
ously, we will add a sign of grouping. 


add brackets: [(Y + Z) X] + W 
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Split vinculum, but be careful to retain signs of grouping. 
(Y Z) + X)W 


Law of Distribution: WYZ + WX 


This second example gives the same result in fewer steps. However, 
given another expression, the first technique may require fewer steps. 
The main skill to achieve is accuracy. Only with a lot of practice can you 
hope to acquire the knack of knowing which procedure will give you an 
accurate result with the least amount of steps. 


Let’s look at the result when the same expression, (Y + Z) X + Wis sim- 
plified by ignoring signs of grouping and splitting vinculum immediately 
without retaining groupings by adding brackets. 


(Y + Z) y +W Split vinculum above OR and AND signs 
YZ+XW 


Notice that by splitting the vinculum in the initial step, the factors 
X and W are grouped together as if the original expression was (Y 
+ Z) (X +W). The result, although arrived at in one step, is obviously 
wrong because (Y + Z) X + W is not equal to (Y + Z) (X + W). 





Before going on to some additional rules for the proper use of DeMor- 
gan’s theorem, practice using the first three DeMorgan’s rules previ- 
ously covered. 
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Self Test Review 





Apply DeMorgan’s theorem to the following expressions. 
































8. DEFG = 

9 E+F+Ge 

10. M+N+P+R= 
11. HJK = 

12, D+EF= 

13. R+S+T+U= 
14. (H+ K)L = 

15. R+ LM = 

16. A + BCD = 

17. WX(Y + Z) = 





18. A+ B(C + D) = 
19. The signs or methods used to show grouping in Boolean expres- 
sions are: 
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Answers 
8. DEFG=D+E+F+G 
9. E+F+G=EFG 

10. M+N+P+R=MNPR 

11. HJ/K=H+J+K 

12. D+EF =D + (EF) = D (Œ + F) = DE + DF 

13. R+S+T+U=RSTU 

14. (H+K)L=HK+L 

15. R+LM=R + (LM) =R(L+ M) = RL+ RM 

16. A + BCD = A + (BCD)= A (B + C + D) = AB + AC + 
AD 

17. WX(Y + Z) = (WX)(Y + Z) = (W + X) + (YZ) 
Note in number 10 the rules for signs of grouping apply when join- 
ing vincula as well as splitting a vinculum. 

18. A+B(C+D)=AB+ACD 
First, add sign of grouping: A + [B (C + D)] 
Split the vinculum at places shown: A + [B (C + D)] 
Be careful to retain signs of grouping: A [B + (C D)] 
Now use the law of distribution: A B + ACD 

19. The signs or methods used to show grouping in Boolean expres- 


sions are: 


AND AB OR A+B 
Brackets [AB] [A + B] 
Parenthesis (AB) (A + B) 


Vinculum AB A+B 
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DeMORGAN’S THEOREM (Continued) 


If a vinculum covers part of an expression such as B(A + CDE) the fol- 
lowing simplification rules apply for splitting vinculum: 


@ Signs outside the vinculum do not change. 
@ Signs under the vinculum do change. 


Consider the following example: B(A + CDE) 

Place signs of grouping, B[A i (C DE)] 
tt 

Split vinculum where indicated, B[A + (CD E)] 


BIA(C + D + E)] 


At this point, you should recall a rule in ordinary algebra that also 
applies to Boolean algebra. Where there are signs of grouping within 
signs of grouping, clear the inside grouping first. In this case, apply 
the law of distribution to clear inner parenthesis, 


Ol 
>| 


B[AC + AD + AE] 


®) 
Co] 


Law of Distribution again, AC+BAD+BAE) 


~~ 
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If a vinculum covers part of an expression such as B + CD, the follow- 
ing simplification rules, when joining vinculum, apply: 


You can not extend a vinculum over a factor or term that 
does not have a vincula or vinculum. For example, the expres- 
sion, 

B+C(D + E) 

cannot be changed to B [C (D + E)]. 


B [C (D + E)] is equal to B + C(D + E) but is not equal 
to the original expression B + C(D +E). 

To extend a vinculum over a factor or factors that_do not 
have a vinculum, the law of double negative (A = A) must 
first be applied. 


Let’s take the same example used above, B + C(D + E) 
Apply Double Negative — B+C(D+E) 

Join the upper vincula to original vinculum B{C(D+E)] 
and change sign of operation. 


BICO + E)] = B + CO + E) = B + CO + E) 


Let’s consider some other ways DeMorgan’s theorem can be used with 
additional laws to simplify expressions. Always try to manipulate an 
expression so that one part is the complement of the other. For example, 


AB+A+B+CD 


Apply DeMorgan’s to A + B AB + AB + CD 


Now you have AB and its complement AB (which is equivalent to 
A + A = 1)so the expression can be simplified to 1 + CD. 


Law of Union, 1 + CD = 1 


Suppose the expression was A +B +CD + AB 
Law of Commutation A + B + AB+ CD 
DeMorgan’s A+B+A+B+CD 
Law of Commutation A+A+B+B+CD 
Law of Complements 1+1+CD 


Law of Union 1+1+CD=1 
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Consider the following expression where the double negative law can 





be used to advantage. 

(L + K)(J} + M) 
DeMorgan’s L+K+J+M 
Double Negative L+K+J+M 
DeMorgan’s LK+J+M 


An alternate method in simplifying the same expression, but using the 
double negative law twice, is as follows: 


(L+ K) +M) 
Place double negative eee 
overL + K (L + K)(J + M) 
Join upper vinculum over es 
L + Kto vinculum over J + M, (L + K) + (J + M) 
and change sign of operation 
Double Negative L+K+J+M 
DeMorgan’s LK +J+M 





Remember, unless you can manipulate an expression so that you have 
a group of letters and its complement (so that both groups taken together 
equal 0 or 1), the best procedure for simplifying is: 


e First, split or join the vincula according to DeMorgan’s theorem. 
@ Group letters as they were originally grouped. 
@ Apply other laws, in whatever order seems best. 


To give you the necessary practice in using Boolean Laws and DeMor- 
gan’s theorem, take the following self-test review. The answers are given 
after the problems. However, try to work these problems before referring 
to the answers. Some of the expressions can be reduced more than one 
way. 
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Self Test Review 


Simplify the following expressions. 


20. 
21. 


22. EE+CD+B+A+E(CD+A) 
23. D+{(E+F(G + H)) [EF (G + H)] 
24. (W+XY+W(X+ Y)]Z 
25. (AB+C)(A+B)C 
26. XY+XZ 
Self Test Answers 
20. 1 ) ABC + ABC 
DeMorgan’s ABC» ABC 
Law of Complements 0 » BC • BC [A-A = 0 
Law of Intersection 0 (Oo-A=0 
Complement of 0 = 1 
21. ABC o __ 
(A+B+C)(A+C) 
DeMorgan’s (A+B+C)+(A+C) 
Law of Association A+B+C+A+C 
Law of Commutation A+A+C+C+B 
Idempotent Law A+B+C [AsA=A 
De Morgan’s ABC 
22. 1 


ABC+ABC 
(A+B+C)(A+C) 


There are two approaches to minimizing this expression. Either 
one should result in the same answer. The first method is the 
standard approach beginning with DeMorgan’s theorem and re- 
quires many steps: 


EE+CD+B+A+E(CD+A) 
DeMorgan’s. 
Watch signs of grouping _ _ — 
E+CD+B+A+E([(C+D)A] 
Law of Distribution E+CD+B+A+E[AC+ AD} 
Law of Distribution E+CD+B+A+ACE+ ADE 


Law of Absorption E+CD+B+A+AC+AD 




















Law of Absorption 
Law of Commutation 
Law of Absorption 
Law of Complements 


Laws of Union 
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E+CD+B+A+C+D 
E+C+CD+A+D+B 
E+C+(D+D)+A+B 
E+C+1+B+A (D+D=1 
1+C+B+E+A=1 (1+B=1 


The second method is much quicker because it has fewer steps. 


23. 


24. 


25. 


Law of Commutation 
Law of Double Negative 
DeMorgan’s 

Law of Complements 


Law of Union 


D 
Law of Double Negative 
DeMorgan’s 


Law of Complements 
Law of Intersection 


Z 

Double Negative 
DeMorgan’s 

Law of Complements 
Law of Intersection 


AB+C 


DeMorgan’s 
Idempotent (Tautology) 
Result Therefore is: 
Double Negative 


EE+CD+B+A+E(CD+A) 
E+CD+A+E(CD+A) +B 
E+CD+A+E(CD+A) +B 
E+CD+A+E+CD+A+B 


Cas A— =1. 


=1+B 
1+B=1 


D + [E +F(G + H)JI[EF(G + H)} 
D+ (E+F(G+H)][EF(G+H)] 


D+ [EF(G+H)][EF(G+H)] 
SN a ` a 


D+ A 
D+0=D 


A=0 


[W+XY+W(X+Y)]Z 
[W+XY+W(X+Y)]Z 
[W+XY+W+XY]Z 
[A+ “A=1]Z 

"eZ =Z 


(AB+C)(A+B)C 
AB +C)(AB+C) 
A ¢ Aw = 
ABYC 
(A=A)=AB+C 
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26. XZ+XY ___ 
XY + XZ 
DeMorgan’s (XY) (XZ) E 
DeMorgan’s X+¥) (K+) 
Double Negative (X+ Y) (X+Z) 
Law of Distribution XX+XZ+XY+YZ 


Law of Complements XZ+XKY+YZ 
Multiply YZ term by 1 XZ +XY + YZ(X +X) 


Law of Distribution XZ+XY+XYZ+ XYZ 
Law of Commutation XZ+XYZ+XY+ XYZ 
Law of Absorption 

Factor XZ and XY XZ(1+ Y)+XY(1+Z) 
Law of Intersection XZ(1)+XY(1) 


XZ+XY 
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MINIMIZING LOGIC CIRCUITS 


You have already seen how the Boolean rules are used to simplify 
logic expressions and you have had a little practice in minimizing some 
logic equations yourself. But now we want you to polish your skill 
with Boolean so that you can minimize any logic circuit that you might 
encounter. The discussion presented here will give you the necessary 


e A 
practice. 5 L 2 1 j: 
C 


Let’s start with the expression F = (A + B) (B + Č). The logic diagram 


, a e 28s se. teats F2(A+B)(B+C) 
for this expression is given in Figure 5-46. 


Figure 5-46 
Now, using Boolean algebra, let’s minimize the equation. The first step 
is to expand the expression by multiplying as you would in algebra. 


F = (A + B) (B + C) = AB + AC + BB + BG 


Basic Boolean rules can then be used as indicated below to reduce 
the equation. 


AB+ AC +BB +BC 
Laws of Tautology (Idempotent) (B° B) = B 


AB+AC+B+BC 
Laws of Commutation (rearrange equation) 


AB+B+BC+AC 


Laws of Absorption B(AA+1+C)+AC 
(factor out B) B(1) + AC 
B+AC 


The logic diagram of the minimized version of the original expression is z 
shown in Figure 5-47. =D DZ B+AC 
B 


As you can see, there is a significant simplification in that the minimized 


ar Figure 5-47 
circuit uses one less gate. 


Just to be sure that the two circuits and expressions do indeed produce 
the same logical function, we can prove their equality with a truth table. 
The truth table proves conclusively that 

F = (A + B)(B +C)=B+ AC 


The original and simplified expressions are equivalent. 
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INPUTS GATE OUTPUTS 


alelclalc (A+B)| (B+C) | (A+B) (B+C) 
070 1 1 1 


O; 1] 1 


=æ m O O me me O KH 
=æ m © Omme CO HH 


0 
1 
0 
1 
0 
1 
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Next let’s try the expression below. 


X =ABC+ABC+ABC+ABC 





The logic diagram is shown in Figure 5-48. 


Figure 5-48 


Observing the equation, try to spot common factors in each of the terms, 
then regroup the terms and rearrange the factors using the Laws of Com- 
mutation. 





X= ABC+ABC+ABC+ ABC 
X=ABC+ABC+BCA+BCA 
Next we factor out the common expressions, AB in the first two terms 


and BC in the last two terms. 


X = AB(C + C) + BC(A + A) 
AB(1) + BC(1) 


ho X=AB+BC By the Laws of Complements this becomes: 


X=AB+BC 


ODO ol > 


Figure 5-49 
The corresponding logic diagram is given in Figure 5-49. 


Comparing this circuit with the one in Figure 5-48, you can see the 
result of minimization. The three gate circuit performs exactly the same 
logic function as the original five gate circuit at a considerable savings. 
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Next, let’s minimize a logic equation with DeMorgan’s theorem. 
Reduce the equation 

G = (ABC + BC) (AB) 

The correct solution is shown below. 


G = (ABC + BC)(A B) 
DeMorgan’s 


G = (ABC + BC) + (AB) 
DeMorgan’s 


G= A+B+C+BC+A+B 
Law of Commutation 


G=A+A+B+B+C+BC 
Law of Tautology 


G= A+tB+C+BC 
Law of Distribution 





G= A+B+C(1+B) 
Law of Union 


G = A+B+C(1) 
Law of Intersection 


G=A+B+C 
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Self Test Review 


Simplify the following logic equations using Boolean Algebra. 


27. X=ABCD+ABCD+BCD+ ABCD 
28. F=(A+B+C)(A+B+C) 

29. X=ABC+A+C 

30. M=(A+B)(A+C)(B+C) 

31. D=ABC+ABC+ABC+ABC 
Answers 

27. X=ABCD+ABCD+BCD+ ABCD 


28. 


Rearrange order of terms (Law of Commutation) 
X = ABCD +BCD+ABCD+ ABCD 


Factor out BCD in first two terms and BCD in second two terms 
(Law of Distribution) 


X = BCD(A + 1) + BCD(A + A) 


Reduce first term by Law of Union and the second by Law of Com- 
plements | 


X = BCD(1)+BCD(1) 

Reduce by Law of Intersection 

X =BCD+BCD 

Factor out B (Law of Distribution) 
X = B(CD + CD) 


F=(A+B+C)(A+B+C) 

Expand by multiplying (Law of Distribution) 
AA+AB+AC+BA+BB+BC+CA+CB+CC 
Minimize with Laws of Tautology and Complements. 
F=AB+AC+BA+B+BC+CA+CB+C 
Rearrange terms (Law of Commutation) 
F=AC+BC+AC+C+AB+AB+B 

Factor out terms (Law of Distribution) 
F=C(A+B+A+1)+B(A+A +1) 

Reduce by Law of Union 
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F = C(1) + B(1) 


Reduce by Law of Intersection and rearrange terms (Law of Com- 
mutation) 


F=B+C 





29. X=ABC+A+C 
Expand with DeMorgan’s theorem - Double negative rule 
X=A+B+C+AC=A+B+G+AC 
Rearrange terms (Law of Commutation) 
X=A+AC+B+C 
Factor out A (Law of Distribution) 
X=A(1+C)+B+C 
Reduce by Law of Union 
X =A(1)+B+C 
Reduce by Law of Intersection 
X=A+B+C 


30. M=(A+B)(A+C)(B+C) 


Expand by Law of Distribution starting with first two terms. 
Ignore vinculum for now. 


M = (AA + AC + AB + BC) (B + C) 
Law of Complements AA = 0 
M = (AC + AB + BC) (B + C) 
Expanded by Law of Distribution 
M = ABC + ACC + ABB + ABC + BCB + BCC 
Law of Complements ABB = 0, BCB = 0 
M = ABC + ACC + ABC + BCC 
Law of Tautology (idempotent) 
M = ABC + AC + ABC + BC 
Law of Absorption Factor out AC and BC 
M = AC + BC 
DeMorgan’s Theorem 
M = (AC) (BC) 
DeMorgan’s and Double negative 
M = (A + C) (B + Č) 
Law of Distribution 
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M = AB + AC + BC + CC 

Law of Tautology (idempotent) 
M = AB + AC + BC+C 

Law of Absorption, Factor Č 
M = AB+C(A +B +1) 

Law of Union (A + 1) = 1 








M = AB + C(1) 
Law of Intersection 
M = AB+C 
31. D=ABC+ABC+ABC+ABC 

Law of Commutation 
D=ABC+ABC+ABC+ABC 
Factor out BC and BC 
D = BC(A + A) + BC(A + A) 
Law of Complements 
D = BC(1) + BC (1) 
Law of Intersection - 
D=BC+BC 
Factor out B 
D = B(C+C) 
Law of Complements 
D = B(1) 
Law of Intersection 


D = B TRUTH TABLE 


Compare the equation D = ABC + ABC | INPUTS | OUTPUTS 


+ ABC + ABC to the truth table. A and 
C have no effect on the output, and thus, 
the original logic circuit reduces to a single 
switch marked B. 


A 
0 
0 
0 
0 
1 
1 
1 
1 


=æ e O O KX K&B CO OC W 
- OF Or Or © OC) 

















USING NAND/NOR GATES 


Throughout this unit, we have shown logic equations implemented 
with AND and OR gates. However, most modern digital systems and 
circuits are made with NAND or NOR gates. As you saw in an earlier 
unit, any of the three basic logic operations can be realized with either 
NAND or NOR circuits. 


A NAND gate or a NOR gate can be used as an inverter by tying all 
of the inputs together as shown in Figure 5-50. Both circuits produce 
an output that is the complement of the input. 


When used as inverters NAND and NOR gates can be represented by 
the inverter symbol. See Figure 5-51 


A NAND gate can be used for AND operations by inverting its output 
as shown in Figure 5-52. The inversion of the NAND is cancelled by 
the added inverter producing the pure AND function. 


When you use inverters to complement the inputs to a NAND, the 
OR function will be performed. The output equation of this combina- 
tion circuit, shown in Figure 5-53, is C = AB. Using DeMorgan’s 
theorem the output expression reduces to A + B. 


DeMorgan’s theorem tells that a NAND can also perform the negated 
OR function. 


AB=A+B 


When the NAND is used for the negated OR function the symbol in 


Figure 5-54 is used. This makes it clear what function is being per- 
formed. 


Figure 5-54 
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NAND NOR 
TD x > X 


Figure 5-50 


pe > 


Figure 5-51 


J JKL J 
qT) pik {_ 
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Figure 5-52 


Figure 5-53 
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X 


qn ICIM 


E+H+FaE+H+F 


Figure 5-56 


J] þm 
OR 


n Ol mM 


E+H+FeE+H+F 


Figure 5-57 





Putting inverters ahead of the inputs creates the pure OR function as indi- 
cated in Figure 5-55 


AtB A+B = 31 Ate 
Figure 5-55 


You should realize that the symbol used for the negated OR shows circles 
or inverters at the inputs. In a true physical sense there are no inverters 
there, but the logic effect produced is as if there were. 


In writing the Boolean equation from a logic diagram simply treat the 
symbol literally and interpret each circle as an inversion and each gate 
as the designated logic function. 


The equation of the circuit in Figure 5-56 is E + H + F. If you had drawn 
this circuit with the equivalent NAND symbol as indicated in Figure 5- 
57, you might expect a different logic operation to be performed. The equ- 
ation for this circuit is X = EHF. 


Using DeMorgan’s theorem on this expression it becomes E + H + F. 


The NOR gate can also be used to perform any logic function. By invert- 
ing its output the OR operation is performed as shown in Figure 5-58. 


D prea FeD+E Jee 
E D 


Figure 5-58 


In an earlier unit you saw how using inverters at the input of a NOR 
could also be used to express the AND function. The logic symbols 
illustrating this are shown in Figure 5-59. 


Reducing it with 
This is of course 


The output equation of this circuit is F = D_+ 
DeMorgan’s theorem we get F = D + E = D- 
the AND function D» E. 


E. 
E. 


DeMorgan’s theorem tells us that the positive NOR can also perform 
as_a negated AND. The DeMorgan’s expression for this relationship 
isD+E=DeE. 
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When the negated AND function is used, the symbol in Figure 5-60 indi- 





cates the function. D 
] F-D- 
The negated AND connected as a standard AND is shown in Figure 5-61. 
Figure 5-60 
gaeb F=D-E 
DE 
Figure 5-61 


Interpret the negated AND logic symbol literally for the purpose of writ- 


ing equations, even though in reality no inverters are physically present 
at the inputs where circles are indicated. 


Figure 5-62 summarizes the functions and symbols of NAND and NOR 


gates. 
NAND TRUTH TABLE 
AB-A+B 
' re” DE 
E E 
D+E=DE 





NOR TRUTH TABLE 


Figure 5-62 
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The AND and OR equivalent circuits with NANDs and NORs are sum- 
marized in Figure 5-63 





A ABRAB . A AB 
B st 


A 


A —_ = 
A+ 
PLAB? sd Ass 


B 


m o 


D D 


ee 
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TO: o! 
pe 


E £ 


Figure 5-63 


We will show how any Boolean equation can be implemented with 
NAND or NOR gates in the following section. 
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NOR LOGIC EQUIV ALENT CIRCUITS 


The procedure for implementing any Boolean expression with NOR gates 
is as follows: 


Step 1. Minimize the equation using Boolean algebra. 


Step 2. Draw the logic circuit of the reduced equation using standard 
AND and OR symbols. 


The first example we will use is, F = X + Y Z, which is already 
in its simplest form. The circuit is shown in Figure 5-64. 


Step 3. Draw the output NOR gate showing the reduced equation at its 
output as in Figure 5-65. 


Z — 
=h ya 
X 


Figure 5-64 


DO F=X+YZ 


Figure 5-65 





Note: With this method, we start at the output gate and the final output 
expression working from right to left (output to input). Both sec- 
tions of the NOR gate must be considered but only one section 
at a time. 


Step 4. Complement the output. Working from right to left in Figure 
5-65, the inverter is the part of the NOR gate first encountered. 
Now you know that at the point indicated by the arrow in Fig- 
ure 5-65, the signal must pass through the inverter to become 
F =X + YZ. Therefore, the expression describing the signal 
at the arrow is the complement or X + YZ. Figure 5-66 shows 
the results of this fourth step in our procedure. 


F =X+YZ 
R OR OUTPUT= X+YľZ 


Figure 5-66 
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Step 5. 


Step 6. 


Step 7. 


Step 8. 


Simplify the output expression of the OR gate. This is the expres- 
sion shown at the arrow in Figure 5-66 


F=X+YZ 
DeMorgan’s (X) (YZ) 
DeMorgan’s (X) (Y + Z) 
Distribution XY+XZ 


The result indicates two terms. 
Therefore, the output gate is a 2-input NOR with XY one input 
and X Z the other input. The result is shown in Figure 5-67. 


X Y æ mme -_ 
XY+XZ=X+YZ 
XZ 
Figure 5-67 


Draw a NOR gate connected to each input line of the output NOR. 
This is shown in Figure 5-68. 





Figure 5-68 


In steps 8 and 9 of this procedure, you must consider both 
sections of these NOR gates: The inverter, then the OR. 


Complement the output expressions of the NORs at the point 
indicated by the arrow in Figure 5-68, the signal must pass 
through the inverter to become XY for gate 1 and XZ for gate 
2. The expression_describing the signal at the arrow then is 
the complement. XY for gate 1. XZ for gate 2. 
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Step 9. Determine the NOR inputs by simplifying the complemented ex- 
pression. To find the inputs for gate 1, you apply DeMorgan’s 
theorem to X Y. The result is X + Y. Applying DeMorgan’s 
theorem to X Z results in X + Z, the inputs to NOR gate 2. The 
procedure in step 8 and 9 and the results are shown in Figure 
5-69. 








Figure 5-69 


Step 10. Remove all but the input signals from your diagram. 


Step 11. Using the inputs, determine the outputs of each gate. See Figure 
5-70. 





N x< <| >X< 





Figure 5-70 


Step 12. Simplify the output shown in Figure 5-70 proving that the 
equivalent circuit is correct if the result is equal to the original 
equation, X + YZ. 


Insert signs of grouping (X + Y) + (X + Z) 


DeMorgan’s (X + Y)(X + Z) 
Double Negative (X + Y)(X + 2) 
Distributive XX + XZ + XY + YZ 


Idempotent (Tautology) X + XZ + XY + YZ 
Absorption X + YZ 
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Let’s try the example, shown in Figure 5-71. 


AC+BD+BC 


QOwnmw Op OF wi 


Figure 5-71 


Since the circuit and expression are both already in simplified form, 
steps 1 and 2 of our procedure are complete, so we can begin with step 
3, drawing the output NOR gate with its output equation. See Figure 5-72. 


Step 3. 


yx AC+BD+BC 


Figure 5-72 


Step 4. Working from output to input (right to left), complement the out- 
put equation to show the action of the inverter. This is shown 
in Figure 5-73. 


AC+BD+BC 
AC+BD+BC 


Figure 5-73 
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Step 5. Find inputs to the OR section by simplifying the complemented 





expression. _ 

AC+BD+BC 

t ł Y t f 

Place signs of grouping (AC) + (BD) + (BC) 
DeMorgan’s (A +C)(B+D)(B+C) 
Distribution (A +C)(BB + BC+ BD + CD) 
BB=0 
Complement (A +C)(BC + BD + CD) 
Distribution ABC. + ABD + ACD + BCD +BeC + Bep -+ cen 
Complement and ABC + ABD + ACD(1) + BCD 
Idempotent 
Intersection ABC + ABD + (ACD)(B + B) + BCD 
Complements ABC + ABD + ABCD + ABCD + BCD 
Distribution ABC(1+D) + ABD(1 + C) + BCD 
Factor ABC and ABD 
Absorption ABC + ABD + BCD 


Step 6. Determine number of inputs and draw a NOR gate on each 
input. The result of step 5 above is an expression with three 
terms. This indicates that the output gate must have three in- 
puts. The three inputs of the output gate each must be driven 
by a NOR gate. These conclusions are shown in Figure 5-74. 


ABC=A+B+C 

-AÀ ABC 

-= 0 L 
C ABD=A+B+D ABC+ABD+BCD 
i zo 

B Be ABD eee 
D m ABC+ABD+BCD 

BCD=B8+C+D 

B sa cas 

ej 


Figure 5-74 
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Step 7. Now complement, each of the NOR gate outputs to account for 
the inverting part of each NOR. This is shown in Figure 5-74. 


Step 8. Using DeMorgan’s theorem, simplify each of the complemented 
outputs as in Figure 5-74. 


Step 9. Complete the diagram in Figure 5-74 by showing the inputs to 
each of the NOR gates. The inputs are the results of step 8 above. 


Step 10. Draw the completed diagram showing only the input signals. 


Step 11. Now, using these inputs, determine the outputs of each gate to 
acquire the final output equation. See Figure 5-75. 


Step 12. This is a check step. Simplify the output equation. The simpli- 
fied result should be the original output equation in Figure 5- 
71. Ifitis, the equivalent circuit in Figure 5-75 is accurate. 


Step 11. 










A+B+C+A+B+D+B+C+D 


Figure 5-75 
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Step 12. STEP BY STEP SIMPLIFICATION 


FROM FIGURE 5-75 


DeMorgan’s and 
Grouping Terms 


Drop Double Negative 


Expand Equation 
Factor A 

Union 
Complement 


Expand Equation 


Complements 
idempotent 
Factor BD and CD 
Union 

Multiply by 1 
Expand Equation 
Factor BD and BC 
Union 

Multiply by 1 
Expand Equation 
Factor AB and BD 
Union 

Multiply by 1 
Expand Equation 
Factor BC and AC 


Union 


A+B+C+A+B+D+B+Cnd 


(A+B+C)(A+B+D)(B+CD) 


(A+B+C)(A+B+D)(B+C+D) 
(AA+AB+AD+AB+BB+BD+AC+BC+CD)(B+C+D) 
[A(1+B+D+B+C)+(BB+BD+BC+CD)|(B+C+D) 
(A +BB + BD + BC + CD)(B +C + D) 

(A +BD+BC+CD)(B+C+D) 
AB+AC+AD+BBD+BCD+BDD+ 

BBC + BCC + BCD + BCD + CCD + CDD 
AB+AC+AD+BCD+BDD+BBC+BCD+BCD+CDD 
AB+AC+AD+BCD+BD+BC+BCD+CD 
AB+AC+AD+BD(C+1)+CD(B+1)+BC 
AB+AC+AD+BD+CD+BC 
AB+AC+AD+BD+CD(B+B)+BC 
AB+AC+AD+BD+BCD+BCD+BC 
AB+AC+AD+BD(1+C) +BC(D+1) 
AB+AC+AD+BD+BC 
AB+AC+AD(B+B)+BD+BC 
AB+AC+ABD+ABD+BD+BC 

AB(1 +D) +AC+BD(A+ 1)+BC 

AB+AC+BD+BC 

AB(C +C) + AC + BD + BC 

ABC + ABC + AC + BD + BC 

BC(A + 1) + AČ(B + 1) + BD 

BC+AC+BD The original equation. 


The key to multiplying by 1 is to ensure that each term contains the 


needed variables. 
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Single-Letter Term Expressions 


One type of expression cannot be handled in the same way as those previ- 
ously discussed. This type has all single-letter terms. For example, the 
expression, E + D + H + F contains all single-letter terms. It is neither 
a product-of-sums nor a sum-of-products expression. Let’s determine the 
NOR circuit for this single-term expression. 


1. Draw theoutput NOR asin Figure 5-76. 


E+D+H+F 
E+D+H+F 
Figure 5-76 


2. | Complement the output expression. 


3. Simplify the complemented expression to determine the NOR gate 
inputs using DeMorgan’s theorem. 


E+D+H+F 
EDHF 


As you can see by the result of step 3, there is no way to split EDHF 
into two or more inputs. Therefore the correct way to diagram this 
type of expression is to perform steps 1 and 2 above as usual. Then, 
instead of simplifying the expression as in step 3 above, merely make 
the complemented expression a single input to the output NOR, which 
in turn, is connected as an inverter. See Figure 5-77. 


E+D+H+F yx _E+D+H+F 
Figure 5-77 
Now, instead of using DeMorgan’s theorem to simplify the com- 
plemented expression, as you previously have done, use the individual 


terms or factors under the vinculum as the inputs to a NOR. The com- 
pleted circuit is shown in Figure 5-78. 


E E+D+H+F 


Figure 5-78 
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Self Test Review 


32. Write the equation for the circuit in Figure 5-79; simplify using 
Boolean algebra. 


Draw the circuit for the simplified expression using AND and OR 
gates. Then, draw the NOR equivalent circuit. 


33. Implement the logic expression F = C (A + B) with conventional 
AND and OR gates. Then use all NOR gates. 


34. Construct a NOR logic circuit for the expression, A + B + C + D 





+ Ë. 
Answers 
32. X = (AB)CD 


DeMorgan’s X = (AB)(C) (D) 





Law of Double Negative X = (AB)(C) +D 
DeMorgan’s X = (A + B)(C) + D Figure 5-79 
Distribution X = AC + BC + D 


Note that the circuit of Figure 5-79 is drawn using all positive logic 
NAND symbols. The simplified circuit of Figure 5-80 has two versions. 


® oe AC AC+BC+D 
C 
B Bc D 
_ Figure 5-80 
A + = 
5 Asg (A +BIC (A+B)C+D 


D 
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33. See Figure 5-81A and B. 





® 


_A F=C(A+B) 
B C 

© A F=C(A+B) 
B Č 


Figure 5-81 


34. See Figure 5-82. 





Figure 5-82 
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NAND LOGIC EQUIVALENT CIRCUITS 


The procedure that is used in changing a logic circuit to an equivalent 
circuit using all NAND gates will depend on whether the output expres- 
sion is in a product-of-sums or in a sum-of-products form. However, any 
one of the two procedures is much simpler than the previously discussed 
procedure implementing NOR gates. Let’s begin with an example previ- 
ously used when implementing NOR gates. It is the expression X + YZ 
which is a sum-of-products form. 


Sum of Products Equations 


The expression X + YZ is already in its simplest form and the circuit 
using standard AND and OR gates is shown in Figure 5-64. Therefore, the 
first two steps of the procedure are already accomplished, so we will pro- 

















ceed with the third step. 
| X+YZ 
Step 3. Draw the output NAND gate showing the output expression. See [e 
Figure 5-83. 
Figure 5-83 
Step 4. Working from output to input, place a double vinculum over the 
output expression as shown in Figure 5-84. 
X+YZ 
Step 5. Passing through the inverter symbol from right to left (from out- 
put to input), results in dropping one vinculum. The result is the Figure 5-84 
output of the AND portion of the NAND gate. See Figure 5-85. 
Now notice that the uppermost vinculum remains on the right m 
side of the inverter because you are proceeding from right to left Atte 
through one inverter. The left side of the inverter now has the X+¥2Z 
complement of the original expression. 
Figure 5-85 


Step 6. Working with the expression at the output of the AND, break the 
vinculum just above the OR sign. Be careful with your signs of 
grouping. The result is (X) (Y Z). The terms within the signs of 
grouping are the inputs to the output gate. See Figure 5-86. 


There are two terms indicating that the output NAND will have 
two inputs. One single input another driven by a NAND. 





‘~jT» X+¥Z=X+YZ 


Figure 5-86 


xı <l 
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Step 7. Draw a NAND gate on the line that has the YZ expression. See 
Figure 5-87. 


X+YZ 


xi I 


Figure 5-87 


Step 8. Proceeding from output to input through the inverter of the 
NAND results in removing a vinculum. Therefore, the output of 
the AND portion of the NAND gate is YZ. See Figure 5-88. Note 


YZ = YZ. 





xI NI R 





Figure 5-88 


Step 9. Determine inputs. To get YZ at the output of the AND portion 
of the NAND, the inputs must be Y and Z. 


Step 10. Draw the equivalent NAND circuit showing inputs and all out- 
puts as in Figure 5-89. 





Figure 5-89 


Step 11. Check Step. Simplify the output expression of Figure 5-89; the 
result should be the original expression. 





DeMorgan’s 


N 


YZ 


Z = Original expression. 


++ K 


X 
X+Y 
Double Negative X +Y 
Lets try another expression previously used for NOR logic, 
AC + BD + BC. The circuit using standard AND and OR symbols is 
shown in Figure 5-71. Since the circuit and output expression are already 


in simplified form, we can start our conversion to all NAND gates by be- 
ginning at step 3. 
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Step 3. Draw the output NAND gate showing the simplified expression 
at its output. See Figure 5-90 


D: AC+BD+BC =AC+BD+BC 


Figure 5-90 


Step 4. Place a double vinculum over the output expression as shown 


in Figure 5-90. 


AC+BD+BC 


D: AC+BD+BC = AC+BD+BC 


Figure 5-91 


Step 5. Show the output of the AND portion of the NAND. Note 


if the output of the NAND is A.C + BD + BC then, after going 
through the inverter portion (proceeding from right to left), the 


expression must be A C + BD + BC which is the complement 
of the original expression. See the result in Figure 5-91. 





Step 6. Use DeMorgan’s theorem on the complemented expression by 
splitting the vinculum. Split the vinculum only at the OR signs 
as follows: 





AC+BD+BC 

DeMorgan’s AC BD BC 
Step. 7. Determine the number of inputs to the output NAND gate and 
draw a NAND for each. The result is three complemented terms. 


Each is the output of a NAND driving an input of the output 
NAND gate as shown in Figure 5-92. 






AC+BD+BC =AC+BD+8C 






AC+BD+BC 


Figure 5-92 
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Step 8. Determine the output of the AND portion of each NAND gate. 





Note: Proceeding from output to input of the inverters results in the 
complement of the AC, BD, and BC terms at their respective 
AND gate outputs. 


j ED: 


BC 


Figure 5-93 


Step 9. Determine the inputs to each NAND gate. To get AC, BD and 
BC at the output of AND gates 1, 2 and 3, the inputs to these 
gates must be as shown in Figure 5-94. 





Figure 5-94 


Step 10. Now, proceeding from inputs to outputs in the alleged com- 
pleted diagram, show all input and output signals. When com- 
pleted, your diagram should appear as in Figure 5-94. 


Step 11. Prove that the diagram in Figure 5-94 is equivalent to Figure 5- 
71. Use DeMorgan’s theorem and any other Boolean laws to 
simplify the output expression shown in Figure 5-94. The re- 
sult will match the original expression if there were no mis- 
takes in any of the previous operations. 


AC BD BC 
DeMorgan’s AC + BD + BC 
Double Negative AC + BD + BC = Original expression. 
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Product-Of-Sums Expressions 





The procedure for implementing NAND logic from product-of-sums ex- 
pressions such as (A + B) (C + D) is somewhat different than the proce- 
dure for sum-of-product equations. Let’s use the expression (A + B) 
(C + D). It is already in its simplest terms; therefore we will begin the 
procedure at the second step. 


Step 2. Draw the circuit using standard AND and OR symbols. See Fig- 
ure 5-95A. 


Step 3. Draw the output NAND gate. See Figure 5-95B. 


A) _A 







(A+B)(C+D) 


D: (A+B)(C+D) = (A+B)(C +0) 


Figure 5-95 





Step 4. Placea double vinculum over the output expression. 
Step 5. Proceeding from output to input of the inverter show the output 
of the AND portion of the NAND gate. 


Note: This will be the complement of the original expression. 
See Figure 5-96. 


Step 6. Using DeMorgan’s theorem simplify the expression at the AND 
gate output of Figure 5-96. 
Note: This step is different than Step 6 for the sum-of-products 
expression. In that procedure the expression is partially simpli- 


iA+BN(C+D) 
fied. In this case, you simplify completely to acquire the simplest RT or 
form as follows: (A+B)(C+D) 


DeMorgan’s (A + B) (C + D) 
DeMorgan’s A+B+C+D 


ee Figure 5- 
AB+CD SNTE 920 
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Step 7. Determine the inputs to the output NAND gate and draw a NAND 
gate on each of these inputs. See Figure 5-97. 


Step 8. Show each term in the result of step 6 above as the output of the 
input NAND gates. 





Step 9. Determine the inputs to the NAND gates. See Figure 5-97. 





Figure 5-97 


Step 10. Show inputs and outputs of all gates. See Figure 5-98. 





Figure 5-98 





Step 11. This is a check step. As in the other procedures, the output ex- 
pression is now simplified as a check step. If the simplification 
results in the original expression, the circuit is accurate and 
complete. So, let’s perform the check. 


DeMorgan’s AB+CD 
Double Negative AB+CD 


Notice that the result is not the original expression. So let’s try again. 
However, instead of connecting the two vincula as we did previously, 
let’s split the vincula. 


AB CD 
DeMorgan’s (A + B) (C + D) 
Signs of Grouping (A + B) (C + D) 
Double Negative (A + B) (C + D) 
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Now notice the expression matches the original except for the vinculum 
over it. Further simplification, DeMorgan’s etc., will not result in 
the original expression. Try it. So what can be 
done to the circuit to eliminate the vinculum? Add an inverter 
as in Figure 5-99. Remember the double negative law says 


(A + B)(C + D) = (A + B)(C + D) 













D=(A+B)(C+D) 


Figure 5-99 


Once you become familiar with DeMorgan’s theorem and its relationship 
with NAND and NOR gates, the procedure you have seen here will come 
naturally to you. A little practice and experience will make you compe- 
tent in dealing with NAND and NOR integrated circuits to implement 


logic functions. Keep in mind that your goal is to arrive at the minimum 
circuit for your application. 
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Self Test Review 





Given the diagram in Figure 5-100, do the following: 


35. Determine the output expression. 
36. Simplify the expression. 


37. Diagram the simplified expression using standard AND and OR 
gates. 


38. Diagram the simplified expression using all NAND gates. 
39. Check your final result. 


r=] X 
542] X 
oD T 


E 


B—1 >O 


Figure 5-100 
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Answers 


35. SeeFigure 5-101 









































Figure 5-101 


36. ABE + EH 


1. Break vinculum where 
indicated and change 
sign of operation 


2. Drop double vinculum 


3. Break vinculum where 
indicated 


4. Drop double vinculum 


5. Expand the right side of 
the equation 


6. Consolidate right side 


7. Factor right side 


8. G ORed with one equals 
one 


9. Expand full equation 


10. Consolidate ABB = 0 
EEH = EH 


Z a caine 


E+H+A+B+B+EG+E 








E ae) on ea 

zt. 

(E + H) + (A + B)| |B + (EG + E) 

EÑ + AÐ) B+ (E+ oa] 

(EH) +(A B)| B+ (E+ GE] 
[B+(EE+EG)| 
[B + (E + EG)] 


[B + (1 + G)EJ 


[EH + a B] [B +E] 


[BEH+ABB+EEH+ABE 
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11. FactorEH [BEH+EH+ABEy 
12. ConsolidateB+1=1 EH(B+1)+ABE 
13. Simplified equation EH+ABE 


37. SeeFigure 5-102. 





Figure 5-102 


38. SeeFigure 5-103. 





Figure 5-103 


39. ABE + EH Zo 
ABE EH 


DeMorgan’s ABE + EH 


Double Negative ABE + EH 
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EXPERIMENT 7 


Applying NAND and NOR Gates 


OBJECTIVES: To show how TTL and CMOS, NAND, and 
NOR gates are used to implement any logic 
functions and to demonstrate the value of 
Boolean algebra in reducing logic circuits 
to their minimum configuration. 


Materials Required 


Heathkit Digital Design Experimenter (ET-3200) 
1— 74LS00 TTL IC (443-728) 
1— 74LS20 TTLIC (443-798) 
1— 74LS02 TTLIC (443-779) 
1 — 4001 CMOS IC (443-695) 


Procedure 





1. Write the output expression of the circuit shown in Figure 5-104. 
F = 


oo or OF OY 
wa! 


Figure 5-104 
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2. Figure 5-105 shows the NAND gate implementation of the circuit 
in Figure 5-104. Wire the circuit shown in Figure 5-104. The pin 
connections for the 74LS00 and 74LS20 IC are given in Figure 5- 
106. Be sure to connect pin 14 to +5 volts and pin 7 to GND on 
each IC. Connect + 5V to all unused inputs. 


74LS00 





Figure 5-105 
Figure 5-106 
IC Pin Connections. 


Note: 


In figure 5-105 and 5-107, we show a dashed line around 
the IC gate symbols. This represents the IC package. The 
number (74LS00, 74LS20, 74LS02, etc.) identifies the type 
of IC. Accompanying the IC designation number you will 
see 2, 3⁄4 or other fractions. This is a method of indicating 
how many of the gates in the IC are used. For example, in 


a 74LS00 IC there are 4-2 input NANDs. In Figure 5-105 
we use all four of them. The 74LS20 IC contains two - 4 
input gates. But in Figure 5-105 we use only one of them 
and we indicate this by the designation 12-74LS20. In Fig- 
ure 5-107 we use three of the four NORs in the 74LS02 so 
the designation is %-74LS02. This terminology will be 
used throughout the program. 





3. Apply the inputs A, B, C and D in Table I to the circuit with 
data switches SW1 through SW4. Monitor the output on L1 and 
record the state for each set of inputs in the left-hand F column 
in Table I. 
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INPUTS | OUTPUTS > 


A (SW4)] B (SW3) JC (SW2)|D (SW1)] F(L1) F (L1) 
Fig. 5-105 ĮFig. 5-107 


3/4-7402 





Figure 5-107 


0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 


m m m h OF OdQOdr rFYP FP KF OO OO O 
= e.e CO Or kRKRP OO RKP KP OO KR kK OC OC 
e Orne Of OR OR OK OK Or OC 





Table I 





4. Using Boolean algebra. reduce the output equation obtained in step 
1. The minimized expression is: 
F = 
5. Construct the circuit shown in Figure 5-107. Remember to connect 


+5V to all unused inputs. 


6. Write the output equation of the circuit in Figure 5-107. Compare 
it to the expression vou derived in Step 4. 


P= 


“J 


Apply the inputs shown in Table I and record the output state in 
the right-hand column. 


8. Compare the two F output columns in Table I. What conclusion 
can you reach regarding the circuits in Figure 5-105 and 5-107? 
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Discussion 


In this part of the experiment you demonstrated how TTL NAND and 
NOR gates are used to implement logic functions and how Boolean 
algebra is useful in minimizing the equation. 


First we illustrated a standard logic circuit (Figure 5-104), and you wrote 
its output equation. 


F= AC + AD + BC + BD 


Then we illustrated how. this circuit could be implemented with TTL 
NAND gates (Figure 5-105). It took four 2 input gates from the 74LS00 
IC and one 4 input gate from the 74LS20, or two IC packages. Next you 
developed a truth table for this circuit. 


In Step 4 you minimized the original equation with Boolean algebra. 
Your solution should look like this. 


F = AC + AD + BC + BD 
Factor out A, factor out B 

F = A(C + D) + B(C + D) 
Factor out (C + D) 

F = (C + D)(A + B) 


Then in Step 5 you constructed a circuit (Figure 5-107) made with a 
74LS02 TTL NOR gate that implements the above reduced equation. Its 
output expression is F = (A + B) (C + D). To verify its operation, you 
developed a truth table. By comparing the output results of the circuits 
in Figure 5-105 and 5-107 in Table I, you should find them identical. Ob- 
viously, the simpler circuit in Figure 5-107 is preferred because it will 
take up iess space and will consume less power. 


Procedure (continued) 


In the following steps you will be given a Boolean equation to implement 
with CMOS NOR gates. You will implement the original expression and 
test it. Then you will minimize the expression and implement the re- 


duced version. Finally, you will compare the logical operation of the two 
circuits. 
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9. Draw the AND and OR gate logic diagram of the expression TOP VIEW 
X=L[K(K+L) +M] 


10. Redraw the circuit using positive NOR gates. 


11. Implement your circuit in Step 10 with ‘a 4001 CMOS quad two 
input NOR gate IC. The pin connections for the 4001 IC are given 
in Figure 5-108. Connect +5 volts to pin 14 and ground to pin 7. 
Connect all unused inputs to +5 volts. 





Figure 5-108 
12. Develop a truth table for the circuit. Use SW2, SW3 and SW4 to _‘ Pin Connections for 4001 CMOS IC. 
applv the K, L and M inputs. Monitor your output on L1. Record 


your output in the left hand X column of Table II. 


OUTPUTS 
K(SW2) | L(SW3) — X (Step 12) X (Step 16) 


Table II 








= e emer CO OO OC © 
= 2 © O & & CO O 


oy 


13. Reduce the expression in Step 9 using Boolean algebra. The 
minimized equation is. 


X= 
14. Draw the logic diagram of this circuit using AND and OR gates. 
15. Implement the circuit developed in Step 14 with CMOS NOR gates. 


16. Wire the minimized circuit and develop a truth table. Apply inputs 
K, L, and M with data switches SW2, SW3 and SW4. Monitor the 
output on L1. Use the right-hand X column in Table II to record 
your data. 


17. Compare the two X output columns in Table II. What conclusions 
zan vou draw? What circuit minimization was ceally accom- 


plished? 
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Discussion 





Your logic diagram for the original expression in Step 9 should appear 
as in Figure 5-109. Redrawing the circuit using positive NOR gates 
should have given you the circuit in Figure 5-110. Your truth table 
should appear as in Table III. 





Figure 5-109 Figure 5-110 





K L M X 
0 0 0 0 
0 0 1 1 
0 1 0 0 
0 1 1 0 
1 0 0 0 
1 0 1 1 
1 1 0 0 
1 1 1 0 
TABLE Ml 
i _ You next minimized the original expression by using Boolean algebra. 
~ ‘“ Your reduction should appear like this. 
L 
X = L{K(K +L) + MI 
Figure 5-111 X=L(KK KL + M) 
X=LKK+LKL+LM 
X=LM 


A logic circuit for this is shown in Figure 5-111. This reduced expression 
. i is readily implemented with a positive NOR gate as shown in Figure 5- 
Figure 5-112 oN 
112. The K input has absolutely no effect on the circuit as this reduced 
expression indicates. The reduced circuit will produce the same logic 


function as the original more complex circuit as your truth table should 
indicate. 





Boolean Algebra 5-81 





The important point to get from this exercise is that Boolean algebra 
accomplished a circuit minimization from 4 gates (Figure 5-110) to 1 
gate (Figure 5-112). The type 4001 CMOS IC contains four 2-input NOR 
gates. It can be used to implement the original circuit (Figure 5-110). 
It is also used to implement the reduced circuit (Figure 5-112). But 


only one gate is used. The unused gates could possibly be used else- 
where. 


Procedure (continued) 
18. Write the truth table for a 3 input AND gate and sketch the appro- 
priate logic symbol. 


19. Show how to implement a three input AND gate with a quad 2 
input NAND (7400). Draw the circuit, implement it on your Experi- 
menter and verify its operation with a truth table. 


Discussion 


A 
8 D:ABC 
The truth table for a three input AND gate is given in Table IV. The | > 


logic diagram is shown in Figure 5-113. 





A 3-input AND gate implemented with a 7400 IC is shown in Figure 
5-114. Inputs B and C are NANDed in gate 1. Gate 2 is connected as 
an inverter to produce BC. BC is then NANDed with A in gate 3 to 
produce A (BC). Gate 4, connected as an inverter, gives D = A (BC) 
which by the Law of Association is the same as D = A BC. 


Figure 5-113 








0 
0 
0 
i Figure 5-114 
1 
1 
1 


e oOoo0OO0OOOO O 





Table IV 
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EXPERIMENT 8 





The Wired — AND Connection 


OBJECTIVE: To investigate the wired—AND connection 
of an open-collector TTL logic gate and de- 
termine its logic function. 


Introduction 


With certain types of logic gates, connecting their outputs together as 
shown in Figure 5-115A, forms an additional logic function at the com- 
mon connection. This logic function shown in Figure 5-115B is referred 
to as an implied, dot, or wired AND. NOR and AND functions can be 
achieved by simply tying gate outputs together to a common-collector 
pull-up resistor. This wired AND function is achieved by using open-col- 





lector TTL gates. 
V 
COMMON ais 
INTERCONNECTION $, 
MODE L 
A 
8 
F 
c 
D 
Figure 5-115A Figure 5-115B 


Some logic families, when wired together as shown in Figure 5-115A, 
produce a wired OR condition. An example would be the ECL logic gate. 
There are two types of gates that will produce some very undesirable re- 
sults when their outputs are connected together. These are logic circuits 


using active pull-up transistors such as the standard totem-pole TTL and 
CMOS. 





When gate outputs are connected together, the output transistor of each 
gate is connected in parailel. With open-collector TTL gate circuits. a 
single external pull-up resistor is added as shown in Figure 5-116. When 


either one or both of the shunt output transistors is conducting, the out- 
put will be low. 


Figure 5-116 


In this experiment, you will be investigating the effects of the wired-AND 
connection using an oven collector TTL gate. 
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Materials Needed 





Heathkit ET-3200 Digital Design Experimenter or equivalent. 
1—74LS03 TTL IC (443-745) 

1—74LS04 TTL IC (443-755) 

1 —74LS00 TTL IC (443-728) 

1—74LS08 TTL IC (443-780) 

1 — 1 KQ resistor 


Procedures 


1. Mount the 74LS03 IC on the breadboard. Connect the circuit 
shown in Figure 5-117A. The pin connections for the 74LS03 
are shown in Figure 5-117B. Connect +5 volts to pin 14 and 
the 1k resistor. Pin 7 is connected to GND. The inputs A and 
B will come from data switches SW1 and SW2. The output will 
be displayed on the LED indicator L1. L1 lit indicates a high 
output at C. L1 not lit indicates a low output at C. 


2; Apply the inputs as indicated in Table V. Use positve logic. Record 
the corresponding outputs in column 1 of Table I. 





3. Study your results in Table V. What logic function is being per- 
formed? 


4. Write the output expression of this circuit from Table I using the 
procedure described in this unit. 


5. | Using DeMorgan’s theorem, change its form. 


6. Draw the equivalent logic diagrams for the expressions you de- 
rived in steps 4 and 5 above. Show the inputs and outputs. 


TOP VIEW 





GND 


Figure 5-117B 
Figure 5-117A 





Pin connections for 
7403 integrated circuit. 
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7. Wire the circuit shown in Figure 5-118A. The pin connections for the 
74LS08 and 74LS04 are shown in Figure 5-118B and C. Connect +5 volts 
to pin 14 and GND to pin 7 for both ICs. 





8. Apply the inputs A and B from data switches SW1 and SW2 as shown in 
Table I. Use positive logic. Record the corresponding outputs in column 2 
of Table V. 


9. Compare columns 1 and 2 of Table V. Are they the same? 
Why? i 


You can readily see that the AND function is being performed by the out- 
put AND gate in Figure 5-118A. What is causing the ANDING in Figure 
5-117A? 


What advantage does the circuit of Figure 5-117A have compared to the 
Circuit of Figure 5-118A? 










l 4. 








1/3 74LS04 \ 
= 

| 

| 

l 


| 
i 
3N 4l 
l 


| 1/4 74LS08 
Cena 


Vcc 4B 4A 4Y 3B 3A 3Y 


Figure 5-118 




















INPUTS OUTPUT | OUTPUT 


+ Column 1 Column 2 
Asw1)  Bisw2) C1) | Cay 


10. 


11. 


12. 


13. 
14. 


15. 





Table V 


Wire the circuit shown in Figure 5-119. 


Apply the inputs A, B, C, and D from data switches SW1, SW2, 
SW3, and SW4 as indicated in Table VI. Use positive logic. Re- 
cord the output state at L1 in column 1 of Table VI. 


Study your results in Table VI. Notice that the output is a logic 0 
when both inputs A and B are a logic 1 or; both inputs C and D are 
logic 1 or; when all inputs are logic 1. 


From the data in Table VI, write the Boolean expression for the 
logic 0 outputs. 


F = 


Using Boolean algebra, reduce the equation to its simplest form. 
F=__CC—“‘CNCCC(#«C’SWNNotte: Because your equation is de- 
rived from the logic 0 outputs, a vinculum should be placed over 
the entire expression after you have reduced it to its simplest form. 


Draw the equivalent circuit(s) for the circuit of Figure 5-119 using 
standard TTL ICs. Show all inputs and outputs. 





Figure 5-119 


B 
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16. Wire the equivalent circuit of Figure 5-120A. The pin connections for the 
74LSO00 are shown in Figure 5-120B. 





17. Apply the inputs indicated in Table VI. Record the corresponding outputs 
in column 2 of Table VI. 
Do columns 1 and 2 match? Why? 


What are the advantages of the open collector circuit of Figure 5-119 com- 
pared to the standard TTL gate circuit of Figure 5-120? 

















swe sy OPEN [EQUIVALENT 
Swi SW3 COLLECTOR] CIRCUIT 
A C F F 
oefe: | 0 
oļojiflo | 7 
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fof ijofif = [| 
oale] of 
ee | ee 
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ER 
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Figure 5-120A Figure 5-120B 














Discussion 


In step 1, you connected two of the gates in the 74LS03 as inverters with 
their outputs connected together through a 1 kQ pull-up resistor. In step 
2, you plotted a truth table for the circuit to see how it works. Then by 
studying the truth table, you should have concluded that the circuit per- 
forms the negative AND (Positive NOR) function since the output is 1 
only when both of the inputs are logic 0. The output equation then is 
C = AB. Instep 5, you used DeMorgan’s theorem to change its form. You 
found thatC = AB = A + B. Instep 6, you drew the equivalent circuits 
for these expressions. They should appear as shown in Figures 5-121A 
& B. 


In step 7, you wired the equivalent circuit in Figure 5-118A. In step 8, 
you applied the inputs according to Table I. You recorded the corres- 
ponding outputs in column 2 of Table I. In step 9, you found that output 
columns 1 and 2 were the same. This shows that the circuits in Figures 
5-117A and 5-118A are performing the same function. It is apparent that 
the AND function is being performed by the output AND gate in the equi- 
valent negative AND circuit of Figure 5-118A. How is this being done in 
Figure 5-117A? 


The two open-collector NAND gates in Figure 5-117A are connected 
as inverters. However, inverters of themselves can not perform ANDing 
functions. The only conclusion is that the ANDing is being done at 
the common connection point. This is the junction of outputs 3 and 
6 of the NAND inverters and the 1k ohm pull-up resistor. 


To further verify the wired AND connection, you wired the circuit in 
Figure 5-119. In step 11, you applied inputs according to Table VI. 
You recorded corresponding outputs in column 1 of Table VI. In step 
13, you wrote the output expression F for the 0 outputs. 


F=ABCD+ABCD+ABCD+ABCD+ABCD+ABCD+ABC 
D. With the use of Boolean algebra, you reduce the expression. Your re- 
duction should be similar to the following: 


The first step is to use the Laws of Commutation to regroup terms and 
factors. 


ABCD+ABCD+ACDB+ACDB+ACDB+ACDB+ABCD=F 
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Next, factor out the common minterms. A B C in the first two terms: 
ACDinterms3 &4,ACDinterms5 &6. Ignore term 7 for now. 





ABC(D + D) + ACD(B + B) + ACD(B + B) + ABCD 
By the Laws of Complements, this becomes: 

ABC(1) + ACD(1) + ACD(1) + ABCD 

By the Law of Intersection, this becomes: 

ABC +ACD+ACD+ABCD 

Rearranging terms by Commutation, we have: 
ABC+ABCD+ACD+ACD 


Next, factor out common minterms; A B in the first two terms, C D in the 
last two terms. 


AB(C +CD)+CD(A +A) 


Next, use the Law of Absorption on the first expression and the Law of 
Complements on the second. The result becomes: 





AB(C + D) + CD(1) 


Using DeMorgan’s theorem on the first expression and the Law of Inter- 
section on the second, you have: 


AB(CD)+CD 
Using the Law of Absorption again, you have: 
AB+CD 


Because the original expression was derived from the logic 0 outputs, 
you must place a vinculum over the final expression. The final expres- 
sion becomes: 


AB+CD 
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In step 15, you drew the equivalent circuits for the open-collector circuit 
of Figure 5-119. These circuits use the standard TTL ICs. They should 
appear as shown in Figures 5-121C and D. With the inputs shown, the 
output of each equivalent circuit matches the final result of the simpli- 
fied expression above. 





In step 16, you wired the circuit of Figure 5-120A to further verify that 
a standard TTL circuit must have an actual output AND gate to accom- 
plish the same logic function as the open-collector wired AND. 








A 
B 
€ 
D 





Figure 5-121 


Standard TTL Equivalent Circuits. 


In step 17, you applied the inputs indicated in Table II. You recorded the 
corresponding outputs in column 2 of Table II. A comparison of columns 
1 & 2 indicates that both circuits function the same logically. They are 
equivalent but, the open-collector circuit of Figure 5-119 requires only 
one IC, the 74LS03. The obvious reason is that the common connection 
on the output is performing the AND function. In the standard TTL cir- 
cuit an additional AND IC must be used on the output. Because fewer ICs 
are required in the open-collector circuit, it uses less power to accom- 
plish the same result. 
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UNIT EXAMINATION 


The purpose of this exam is to help you review the key facts in this unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and work every 
problem first before you check the answer. 


1. The mathematical system used to express, analyze, and design dig- 
ital circuits is: 
A. The binary number system. 
B. Ordinary algebra. 
C. Boolean algebra. 
D. Canonical maps. 


2. The Boolean equation for the circuit in Figure 5-122 is: 
W = XYZ + XYZ + XYZ 
W = XYZ + XYZ + XYZ 
W = XYZ + XYZ + XYZ 
W = XYZ + XYZ + XYZ 


INW 


Figure 5-122 
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3. Given the expression, A B C + A C + B D, draw a circuit imple- 
menting standard AND & OR logic symbols. Then convert this cir- 
cuit to an equivalent circuit using all positive logic NAND gates. 





4, Given the expression (A + B) (C + D), draw a circuit implementing 
standard positive logic AND & OR symbols. Then convert this cir- 
cuit to an equivalent circuit using all positive logic NOR gates. 


5. The equation A C + A B when minimized as much as possible be- 
comes: 
A. AC+AB+BC 
B. AC+AB 
C. AC+AB 
D. AC+AB+BC 


6. The Boolean equation corresponding to the truth table below is: 
A W=XYZ+XYZ+RYZ O OO 
B. W=XYZ+XYZ+XYZ+XYZ+XYZ 
C. W=XYZ+XYZ+XYZ 
D W=XYZ+XYZ+XYZ 





INPUTS OUTPUT 


X Y 2 W 
0 0O QO 0 
0 0O 1 1 
0 1 O 0 
O 1 1 1 
1 O0 O 0 
1 0 1 0 
1 1 O0 1 
1 1 1 0 





7. TheequationW =XYZ + YZ + XY + YZŽ when minimized 
as much as possible by Boolean algebra, becomes: 
A. W=X+Y 
B. W=X+Y 
C. W=YZ+YZ+XY 
D. W=XY+Y 
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8. Which ofthe following are a form of DeMorgan’s theorem? 
A. A+B=AB 








l 
| 
> 
4- 
so) 





ie >| 
+ W 
| 


coy | 


B. 
C. 
D. 


| > 
>} + 
bol to 


9. Using Boolean algebra and DeMorgan’s theorem, the equation 
D = (A + B)C + ACcan be minimized to: 


A. AB+AC 

B. A+C 

C. A+BC 

D. AC+BC+A 


10. The Boolean equation of the wired AND circuit in Figure 5-123 
iS: 

D=ABC+AC+B | 

D = (ABC) + (AC) + (B) 

D = (A C) (ABC) B 

D = (AC) (ABC) (B) 


D N w> 








Figure 5-123 
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EXAMINATION ANSWERS 
1. C — Boolean algebra 
2 B—W=XYZ+XYZ+XYZ 


3. See Figure 5-124 





A 
— 
C 
A = ee. aes 
C 
' > 
D e 
A ee 
C 
A = ne i a 
B i pt © X (ABC)(AC)(BD)=ABC+AC+B8D 
C 
B 
2 
D BD 


Figure 5-124 
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4. SeeFigure 5-125 









(A+B)(C+D) 





Figure 5-125 


5. C—AC+AB 





Co} 


+AB 


AB 


> > 
OIOI 


DeMorgan’s 
DeMorgan’s. Careful _ 
with signs of grouping. (A + C)(A + B) 


Law of Distribution AA+AB+AC+BC 
Law of Complements AB+AC+BC 
MultiplythetermBC AB + AC +BC(A + A) 
by 1 in the form of A + A 

Law of Distribution AB+AC+ABC+ABC 
Law of Commutation AB+ABC+AC+ABC. 
Law of Absorption AB+AC 


6 D—W=XYZ+XYZ+xXYZ 
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7 A—W=XH+Y 
W=XYZ+YZ+XYV+yYzZ 


Law of Commutation 
W=XYZ+YZ+YZ+XY 


Law of AbsorptionW = YZ + YZ + XY 


Factor out Y _ 
W = Y(Z + Z)+ XY 


Law of Complements 
W = Y(1)+ XY 


Law of Intersection 
W=Y+XY 


Laws of Absorption and Commutation 








DeMorgan’s theorem D = (A + B)C + AC 


Expand (AB)C D=(AB)JC+A+C 
Law of Absorption D=ABC+A+C 
D=A+C 


10. D = (AC) (ABC) (B) 
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APPENDIX—UNIT 5 





SUMMARY OF BOOLEAN RULES 


Here is a handy tabulation of all the commonly used Boolean algebra 
rules. 


Laws of Intersection 
A({1)=A 
A*(0) = 0 


Laws of Union 
B+1=1 
B+0=B 


Laws of Tautology (Idempotent) 
A'A =A 
B+B=B 


Laws of Complements 
A'A =0 
B+B=1 





Law of the Double Negative 
A=A 


Laws of Commutation 
AeB = BeA 
A+B=BHtrA 


Laws of Association 
(AeB)C = A(BeC) = ABC 
A+(B+C)=(A+B)+C=A+B+C 
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Laws of Distribution 
AB + AC = A(B + C) 
(A + B)(A + C) =A + BC 





Laws of Absorption 
A(A + B)=A 
A+AB=A 
A(A + B) = AB 


A+AB=A+B | Common Identities 


DeMorgan’s Theorem 
AB=A+B 
+B=A 





> 
bol 
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INTRODUCTION 





In this unit you are going to learn about flip-flops. A flip-flop is a 
digital logic element used for storing one bit of binary data. It has two 
stable states, one representing a binary 1 and the other a binary 0. 


The flip-flop is the basic logic element used in sequential logic circuits. 
The primary characteristics of a sequential circuit is memory. Such 
circuits are used for a variety of storage, counting, sequencing, and 
timing operations. 


A major use of the flip-flop is in storage registers where a multibit 
binary word is stored. A register is made up of a number of flip-flops, 
each storing one bit of the number. 


Read the Unit Objectives to see whan you will learn, then follow the 
directions in the Unit Activity Guide. Be sure to record your time for 
each step. 
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UNIT OBJECTIVES 


When you complete this unit you will have the following skills, know- 
ledge, and capabilities: 


1. 
2. 
3. 


NX 


You will be able to write a definition for a flip-flop. 

You will be able to name the three basic types of flip-flops. 

Given a logic diagram, you will be able to identify each of the three 
types of flip-flops from their symbols or logic gate connections. 


. You will be able to explain the operation of RS, D, and JK flip-flops, 


showing the output states for all possible input states. 


. Given a set of input waveforms for the RS, D, or JK flip-flop, you 


will be able to recognize the corresponding output waveforms. 


. You will be able to give a practical application for each of the three 


types of flip-flops. i 


. You will be able to write a definition for a register. 
. Given a register made with any type of flip-flop, you will be able 


to measure the output states and determine the binary number stored 
there. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “RS Flip-Flops.” 

Answer Self Test Review questions 1—11. 

Read “‘D Type Flip-Flops” 

Read ‘“‘Storage Registers” 

Answer Self Test Review questions 12—16. 

Read ‘“‘JK Flip-Flops.” 

Answer Self Test Review questions 17—27. 

Perform Experiment 9. 

Perform Experiment 10. ti‘ ST 
Perform Experiment 11 ‘‘JK Flip-Flops.” 


Complete the Unit Examination. 


noogooodgogooogodooooa 0 


Review the Examination Answers. 
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S Q 
INPUTS -| OUTPUTS 
R Q 


Figure 6-1 
RS flip-flop 
symbol 


NORMAL 

R Q 
COMPLEMENT 
NORMAL 

S FF2 


mid COMPLEMENT 


Figure 6-2 


RS FLIP-FLOPS 


A flip-flop is a digital logic circuit, whose basic function is memory, that 
is capable of storing a single bit of binary data. It can assume either of 
two stable states, one representing a binary 1 and the other a binary 0. 
If the flip-flop is put into one of its two stable states, it will remain there 
as long as power is applied or until it is changed. 


A flip-flop remembers to which state it was previously set. It effectively 
memorizes the data it is given. You give it this data by applying appropri- 
ate logic inputs to it. To determine the value of the bit stored in the flip- 
flop, you look at its outputs. 


There are three basic types of flip-flops: the latch or RS, the D type, 
and the JK. Let’s start with the simplest, the latch, also called a set-reset 
or RS flip-flop. This is the simplest form of binary storage element. 
The symbol shown in Figure 6-1 is used to represent this type of flip- 
flop. 


The flip-flop has two inputs, S and R, and two outputs Q and Q. Applying 
the appropriate logic signal to either the S or R input will put the latch 
into one state or the other. The S input is used to set the flip-flop. When 
a flip-flop is set, it is said to be storing a binary 1. The R input is used 
to reset the flip-flop. A reset flip-flop is said to be storing a binary 0. 


To determine which state the flip-flop is in, you look at the outputs. The 
latch has two outputs labeled Q and Q. These are called the normal and 
complement outputs respectively. As in other logic circuits, any letter or 
alphanumeric mnemonic can be used to designate logic signals. See Fig- 
ure 6-2. For example, the designation FF2 (meaning flip-flop number 2) 
could be used. 


To tell what state the flip-flop is in, you look at the normal output. 
The logic level present there tells you which bit, 0 or 1, is being stored. 
If the normal output is a binary O level then the flip-flop is reset or 
storing a binary 0. If the normal output is the binary 1 level, the flip-flop 
is set and is storing a binary 1. The normal output always tells the 
state of the flip-flop. At the same time, the complement output has 
the state opposite that of the normal output. The complement output 
is just as useful in determining the output state of the flip-flop as long 
as you remember the above relationship. The simple table on the next 
page sums up the states of an RS flip-flop. 
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OUTPUTS 

FLIP-FLOPSTATE Q Q 
SET 1 0 
RESET 0 1 


This relationship is true for the latch and all other types of flip-flops. 


A latch is readily constructed with logic gates as shown in Figure 6-3. 
Here two NAND gates are wired back-to-back so that the output of one 
feeds the input to the other. 


Three methods of drawing the latch are illustrated in Figure 6-3. They 
are all electrically the same, but the version in Figure 6-3A is the most 
widely used. The other versions are used occasionally so it is a good idea 
to be familiar with the various configurations so that you will recognize 
them on a logic diagram when you see them. 





The latch is also sometimes drawn using the negative logic NOR sym- 
bols. See Figure 6-4. Either NAND or NOR logic symbols can be used 
to illustrate a latch. Let’s consider a latch using NAND gates. 


“+ @ 


Figure 6-3 





Recall that if both inputs to a 2 input TTL NAND gate are binary 1, the 
output will be binary 0. In order for the output to go low, both (all) inputs 
must be binary 1 or high. Any other combination of inputs will produce 
a binary 1 (high) output. If both inputs are open, the output will also go 
low. For that reason, an open input has the same effect on the gate as a 
binary 1 input. The operation of the NAND gate is summarized by the 
truth table below. 


Ol 





a Je | ce 





Figure 6-4 


High usually refers to the most positive logic voltage level while low re- 
fers to the least positive level. 
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A look at the NAND gate truth table shows that of the four output states, 
S 0 three of them are high. The high output state is created by one or more 
low inputs. For that reason, we say that the predominant input state is 


a low or binary 0 for this type of gate. Now, let’s consider the operation 
of the latch. Refer to Figure 6-5. 





If the S and R inputs are both binary 1 (or open), which is the normal con- 
dition for this type of latch, the circuit is simply storing a bit put there 
by an earlier manipulation of the inputs. For example, if the flip-flop is 
set, the normal (Q) output from gate 1 (the set gate) will be high (binary 
1). This output is fed back around to the upper input on gate 2 (the reset 
gate). The lower input to gate 2 is a binary 1 (or open) so its output Q is 
low. The output from gate 2 is fed to the lower input of gate 1. This input 
holds the Q output high. You can see now why they call this circuit a 
latch. Because of this feedback arrangement, the flip-flop is latched into 
this state. It will stay this way until you change it. And the way you 
change it is by applying a low level to either the set or reset inputs. 





Figure 6-5 


If you apply a low to the R input of the latch, it will reset. The low level 
on the R input will force the output of gate 2 high. This will cause both 


inputs to gate 1 to be high so its output will go low thereby indicating 
the reset state. 





If the flip-flop is set, applying a low to the S input will not do anything. 
The low level from the Q output fed back to the set gate keeps the Q out- 
put high. In the same way, applying a low level to the R input while the 
latch is reset will not produce a state change. 
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So, summing it all up we can say that to set the latch you must apply a 
binary 0 to the S input. To reset it you must apply a binary 0 to the R 
input. The waveform timing diagrams in Figure 6-6 shows the effect of 
various inputs on the outputs. 





l 
S l 3 4 7 
INPUTS 


i 
I 
l 
: i [2] ls] le] | 
0 ! 
o a T LOT Lo T 
0 


OUTPUTS i i 
- | 

te bea bed ee 
0 


Figure 6-6 


Go through these waveforms from left to right observing the effect of each 
input pulse on the outputs. 





Looking at the waveforms above, you can determine what state the flip- 
flop is in prior to the application of pulse 1. Since the Q output is low 
and the Q output is high, before the occurrence of (to the left of) pulse 
1, the latch is in the reset state storing a binary 0. Now look at these 
waveforms again. 


When pulse 1 occurs on the S input, the latch sets with the outputs going 
to their proper levels. Pulse 2 comes along next on the R input so the latch 
resets. Pulse 3 again sets the flip-flop. Note that pulse 4 also occurs on 
the S input. Since the flip-flop is already set naturally nothing will hap- 
pen. Pulse 5 then resets the latch. Pulse 6, also occuring on the R input, 
has no effect on the state of the latch. Finally, pulse 7 again sets the latch. 
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Both inputs should normally be high on a NAND gate latch unless you 
are changing its state. The high inputs do not disturb the state of the latch 
so either a binary 1 or binary 0 may be stored there. Short duration input 
pulses that switch from high to low should be used when the latch is to 
be set or reset. 





Now look at the latch circuit in Figure 6-7. Let’s see what happens if both 
Figure 6-7 inputs go low at the same time. 


With both S and R inputs low, the Q and Q outputs will both be high. 
No longer are the outputs complementary, therefore, we really don’t 
know what state the flip-flop is in. It is in some ambiguous state and is 
neither set or reset. This condition is one of the peculiarities of a latch. 
When you are using it you have to be careful to avoid simultaneous low 
inputs on the S and R terminals. This ambiguous state is generally unde- 
sirable because it can produce undesirable operation of a logic circuit if 
it is not avoided or accounted for. The ambiguous condition actually rep- 
resents a third state in which the latch can exist. This state is sometimes 
referred to as the “limbo” state. 


One way to avoid this condition is to modify the latch as shown in Figure 
6-8. The normal and complement outputs are both derived from gate 2. 
The inverter ensures that the outputs are always complementary even if 
both inputs do go low simultaneously. 





The complete operation of a NAND gate latch is summarized by the truth 
table below. 


Figure 6-8 


“ste [eto] _ 









Either 
set or 


reset 
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The truth table accounts for all possible input and output states. Note that 
when both S and R inputs are binary 1, the output state of the flip-flop 





is designated X, where X can be either a 0 ora 1 as determined by previ- Q 
ous input conditions. 
The latches we’ve discussed so far use positive logic NAND gates. We can a 


also make latches out of positive logic NOR gates. Such a latch is shown 
in Figure 6-9. 


It is identical to the other latches just discussed in that the two gates are Figure 6-9 
wired back-to-back. Even the logic symbol is the same. But first, refresh 

your memory on positive NOR gate operation by referring to the truth 

table below. 








A high or binary 1 on either or both inputs produces a low or binary 
O output. This is considerably different from the NAND gate so the 
effect is to make the operation of a NOR latch completely different 
from the NAND latch. 


While NOR and NAND latches have exactly the same function, they 
achieve it in a slightly different way. To set the NOR latch you apply 
a binary 1 to the S input. To reset it you apply a binary 1 to the R 
input. Normally, both inputs should reset at binary 0. And, if both 
inputs are made binary 1 simultaneously, the “limbo” or ambiguous 
state occurs. This is the exact opposite set of input conditions that 
exist in the NAND latch. Take a look at the circuit in Figure 6-10. 





Figure 6-10 


Note a subtle difference. The R and S inputs are reversed from those 
on the NAND latch. The reason for this has to do with the character- 
istics of the NOR gate. Applying a binary 1 to the R input forces the 
output of gate 1 low. This makes the upper and lower inputs to gate 
2 low or binary 0 so its output is a binary 1. With this arrangement 
(Q = 0, Q = 1) the flip-flop is clearly reset. As you can see, the in- 
a of the outputs is the same. In fact, it is the same for any 
lip-flop. 





| me 
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Both outputs will go to the binary 0 state if a binary 1 level is applied 
to the R and S inputs simultaneously. This is exactly the opposite of 
what happens in the NAND latch. Nevertheless, this ambiguous condi- 
tion is generally avoided unless there is some specific application for 
it. 





The operation of the NOR latch Figure 6-10 is summarized in the truth 
table below. 


Ts [eto lolsam 
_o jo |x |X | Either set or reset__ 
rept tse a Reset 

as 


o i ie [o [aios 








As in the NAND latch, the X output indicates either set or reset. 


One of the most common and useful applications for a latch flip-flop 
is in switch buffering. Pushbutton switches are used in digital equip- 
ment to control various aspects of its operation. However, most 
pushbutton switches produce contact bounce. When the button is de- 
pressed or released, the switch contacts do not make an immediate 
solid electrical or mechanical connection. The contacts “bounce” 
open and closed for a brief period of time. 
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The waveform in Figure 6-11 indicates this effect. 


BUTTON 
DEPRESSED 







OPEN MIGR 





a- BOUNCE" CONTACT RESISTANCE 


sih sessi OS SS ee LOW 
BUTTON 
RELEASED 
Figure 6-11 
This waveform could represent contact resistance. Naturally, if cur- +5V 


rent is being switched, this waveform would represent the voltage 
across the switch. Instead of getting solid off-on switching, you get 
pulses. Such pulses can repeatedly trigger digital circuits. In pressing 


the button once, you would expect to get a single pulse or level S 
change. Instead, the contact bounce gives you several. This effect is E i 
usually detrimental to the performance of digital circuits. = 

PUSHBUTTON 
The circuits in Figure 6-12 show two ways of using a pushbutton +5V EES 


switch to supply a logic pulse or level change. Such circuits usually 
produce a considerable amount of contact bounce. 


OUT 





Figure 6-12 
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To overcome this problem, the switch can be combined with a latch 
PUSHBUTTON as shown in Figure 6-13. An SPDT break-before-make (non-shorting) 
! ¢ output Momentary contact pushbutton switch is normally used. With the 
switch in position A (not depressed or normally closed, N.C.), the 
output of gate 1 is held high. Depressing the switch, so that the 
grounded arm contacts position B, forces the output of gate 2 high 
and the output of gate 1 low. So how is the “bounce” removed? Well, 
as the button is depressed the arm of the switch breaks contact with 
point A. Even though it may bounce several times between open and 
ground, it has no effect on the state of the latch. The effect is the 
same as trying to repeatedly set a latch that is already set. Nothing 
happens. As the contact arm is in transit between points A and B, 
both inputs to the latch are open so the latch simply remains set. As 
point B is contacted, the latch resets. The slightest disturbance will 
trigger the state change through quickly. Even if switch bounce oc- 
curs, the latch is insensitive to it. The result is a single clean logic 
level change at the output. Releasing the pushbutton causes the latch 
to change back to its original state. 








Figure 6-13 


A NOR latch can also be used to buffer contact bounce. This is illus- 
trated in Figure 6-14. The NOR latch removes contact bounce just as 
| well as the NAND latch, only the reference R and S need be reversed 


= on the NOR latch. 





Figure 6-14 Another switch buffer latch circuit is shown in Figure 6-15. The latch 
is made of inverters so the outputs and inputs are common. The 
switch normally holds the output of inverter 1 low so that inverter 
2 output is high. Pressing the switch reverses this state. The output 
is a “‘bounceless” level change. 


The most important requirement for a switch used with a latch buffer is 
that it must have two terminals, so an SPDT unit is required. And it is 
important that it be a break-before-make type so that the A and B contact 
points are not shorted momentarily in switching from one position to the 
other. This would put the latch into its “limbo” state briefly and false 
triggering will occur. 





Another point is that the switch doesn’t necessarily have to be a 
momentary contact type pushbutton. Any SPDT switch, slide or tog- 
Figure 6-15 gle, can be used. If it supplies logic level changes to a digital circuit, 
it will probably need buffering. 
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Self Test Review 





1. Whatwill the normal output level ofa latch be if it is set? 
a. high 
b. low 
2. The complement output of a latch is low. What is the bit value 
stored? 
a. binaryO 
b. binary1 
3. Normally the duration of the pulses applied to the set or reset in- 
puts should only be long enough to put the latch in the proper state. 
a. True 
b. False 
4. | Which of the following is not a typical name for the circuit dis- 
cussed in this section? 
a. latch 
b. RS flip-flop 
c. set-reset flip-flop 
d. multivibrator 
5. | The ambiguous state in a latch is indicated by which of the follow- 
ing conditions? 
a. both outputs low 
b. both outputs high 
c. eitheraorb 
d. one output low, the other high 
6. Unless the state of a NAND gate latch is being changed its inputs 





should both be 
a. high 
b. low 
c. open 
7. Bothinputs ofa NAND latch are low. The state of the latch is: 
a. set 
b. reset 


c. ambiguous 
8. Both inputs to a NAND latch are low. The S input goes high. Short- 
ly thereafter, the R input goes high. The state of the latch is 
a. set 
b. reset 
c. ambiguous 
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9. Both inputs to a NOR latch are high. The R input goes low, then 


the S input goes low. What is the value of the bit stored in the latch? 
a. binaryO 


b. binary 1 


10. Besides the storage of binary data, latches are also commonly used 
for 


Answers 
high 
binary 1 
True 
multivibrator 
Either a. or b. The ambiguous state is indicated by two high out- 
puts in a NAND latch and two low outputs in a NOR latch. 
high 
ambiguous 


reset. The Jast or most recent input level determines the state 
of the latch. 


binary 1. See explanation in 8 above. 
switch buffering (to eliminate contact bounce). 




















D TYPE FLIP-FLOPS 


Now let’s consider the D type flip-flop. Its symbol is shown in Figure 6- 
16. 


Like any other flip-flop the D flip-flop has two outputs that are used to 
determine its contents. That is, the outputs indicate what bit is stored 
there. The Q output tells you the state of the flip-flop directly. If it is a 
binary 0, the flip-flop is reset. If it is a binary 1, the flip-flop is set. 


Now icok at the inputs. Like on the latch there are two. But they work 
differently. The D input is where you apply the data or bit to be stored. 
. Of course, it can be either a binary 1 or a binary 0. The T input line con- 
trols the flip-flop. It is used to determine whether the input data is recog- 
nized or ignored. If the T input line is high or binary 1, the data on the 
D line is stored in the flip-flop. As long as the T line is high, the normal 
output will simply follow or track the D input. If the T line is low or bi- 
nary 0, the D input line is not recognized. The bit stored in the flip-flop 
previously is retained. The D line can essentially do anything and it will 
just be ignored if T is low. 


You can get a better idea about how the D flip-flop works by taking a look 


at its insides. The logic diagram of one type of D flip-flop is shown in Fig- 
ure 6-17. 





Figure 6-17 


Gates 3 and 4 form a latch where the bit is stored. Gates 1 and 2 are en- 
abling gates that pass or inhibit the input. The inverter makes sure that 
the S and R inputs to the latch are always complementary to avoid any 
possibility of the ambiguous state occurring. 
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Figure 6-16 
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With a low input on the T line, the outputs of gates 1 and 2 are high. 
This is the normal state for the inputs of a NAND latch to assume. 
In this state the latch is undisturbed. 





Refer to Figure 6-17. Suppose a binary 1 is applied to the D input. 
Of course, nothing happens if the T input is still low. Now, make the 
T input go high. This enables both gates 1 and 2. The binary 1 on 
the D input makes gate 1 output go low. The inverter puts a low on 
the input to gate 2 so its output stays high. The low output of gate 
1 sets the latch causing it to store the binary 1. Returning the T input 
low disables the input, but the binary 1 is retained. 


Now look at the waveforms in Figure 6-18. These represent the D and 
T inputs and the Q output of a D flip-flop. The output is identical 
to the D input as long as the T input is high. When the T line goes 
low, the flip-flop stores the Jast state it sees on the D input. 


oT LL 


p——— ILI te 





Figure 6-18 


The circuit in Figure 6-19 shows another method of implementing the 
D flip-flop. As in the other circuit, gates 3 and 4 form the storage 
latch while gates 1 and 2 handle the input control. 





Note that no separate inverter is needed. This arrangement functions 
exactly like the other circuit but is more economical of logic circuits. 


Figure 6-19 This circuit is quickly and easily made from a common quad 2 input 
NAND IC. 
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The operation of a D type flip-flop is completely described by the truth 
table below. 









Pop tf ria fq 
= o | o |x |] xX | 
=o | i1 |o |2 
> n | o |x | xX 
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Note that when T is binary 1, the Q output is the same as the D input. 
When T is binary 0, the Q output can be either binary 0 or 1 depending 
upon a previous input. This is indicated by the X state in the table. Note 
that a D flip-flop does not have an ambiguous state. 







A D flip-flop can also be constructed with positive NOR gates as indi- 
cated in Figure 6-20. 


To explain the NOR latch better, however, it is desirable to redraw it so 
that the gates are shown as they are used. See Figure 6-21. 





Gates 3 and 4 make up the latch that can be set or reset by the inputs from 
gates 1 and 2. Gates 1 and 2 control the input in that they determine 
whether the D input will be transferred to the latch. Functionally they 
perform the AND operation. 





Figure 6-21 
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The NOR flip-flop does not perform exactly like the NAND flip-flop, 
but it is similar. Both circuits store one bit of information. The recog- 
nition of the D input is determined by the state of the T input. And, 
here lies the difference. In the NAND flip-flop, the T line has to be 
high in order for the flip-flop to store the D input state. In the NOR 
flip-flop, the T line must go low in order to recognize the D input. 
Bringing the T line high disables the D input. The last D input state 
prior to the T input going high is stored. 





STORAGE REGISTERS 


The most common application of the D flip-flop is as an element in 
a storage register. A register is a group of flip-flops used to store a 
binary word. Each flip-flop stores one bit of the data word. For example, 
a word could consist of four bits. To store this word, we need one 
D flip-flop for each bit. The result is a 4-bit storage register. 


Figure 6-22 below illustrates a 4-bit register. 





HI = LO LO HI HI LO LO HI 
Figure 6-22 


Each flip-flop is labeled with its own designation, A through D, so 
that it can be identified. Also shown here are the states of the flip- 


flop. 
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With the information given in Figure 6-22, you really can’t tell what 
number is stored. True, you can look at normal outputs of the flip-flop 
and write down the corresponding bit values. This will give you two pos- 
sible bit patterns depending upon whether you read from right to left or 
left to right. These bit patterns are 1010 (left to right) and 0101 (right to 
left). 


There is one missing ingredient. Which bit is the most significant (MSB)? 
The answer is, it could be A or it could be D. Usually the LSB is desig- 
nated as the earliest letter of the alphabet or the lowest number if the 
number designations are used. If A is the LSB above then the number 
stored there is 0101 or a decimal 5. If D is the LSB the number is 1010 
or a decimal 10. It’s always necessary to identify the LSB and/or MSB po- 
sitions on a register in a logic diagram. 


To be sure you understand this, let’s take another example. A five-bit 
register with flip-flops A, B, C, D, and E is storing a number. The flip- 
flop states are: A-reset, B-set, C-set, D-reset, and E-set. If the A flip-flop 
is the LSB, the binary number is EDCBA or 10110. This converts to 
a decimal 22. 


Another type of register you should be familiar with is the switch 
register. This is exactly what its name implies, a register made of 
switches. The group of switches form a register for storing a single word 
or bit pattern using one switch per bit. The position of the switch (up/ 
down, on/off, open/closed, etc.) determines the bit value. 
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Figure 6-23 


A 4-bit switch register is shown in Figure 6-23. Four single pole double 
throw (SPDT) switches store the bit value as a physical position. The A, 
B, C, and D outputs are ground (0) or +5 (1) depending upon their posi- 
tion. The binary number stored in the switch register is 1011 or decimal 
11. You can determine the switch register contents by monitoring its 
electrical outputs. Or in most switch registers, the switches are mounted 
adjacent to one another horizontally with the LSB on the right and their 
position (usually up or down) is readily observable. Up usually means 
1, down means 0. Therefore, a visual identification of the switch register 
contents is possible. See Figure 6-24. 


A frequent operation in digital equipment is the transfer of data from one 
register to another. Figure 6-25 illustrates how the data in a switch regis- 
ter can be transferred to a register made of D flip-flops. The switch out- 
puts are fed to the D inputs. The control of the transfer is by the common 
T line on the flip-flops. 


+5V 


T D LO 


HI 


H! 


“o 
œl w% 


D A 
LSB mi 7 


LSB 


; LO 
Figure 6-25 


LOAD 











Flip-Flops and Registers 6-23 





The content of the flip-flop register in Figure 6-25 is 1001. The data 
given in the figures is the complement output states. From this, you 
can determine the normal outputs and hence the contents of the reg- 
ister. You can also determine the output of the switch register, 0010, 
by inspection. With the T inputs to the flip-flop at binary 0, the data 
input from the switch register is not recognized by the flip-flops. But 
if the LOAD control line goes high momentarily, the flip-flop register 
contents will become the same as the switch register, 0010. 


There are two important points to note here. First, the LOAD input 
controls the transfer of the data from the switch register to the flip- 
flop register. This LOAD input is the parallel or simultaneous control 
of all the flip-flop T inputs. This line is also sometimes called the 
STROBE input since it is usually only enabled or ‘“‘strobed’’ momen- 
tarily with a binary 1 pulse to transfer the data. 


Second, the data transfer is a parallel one. That is all bits from the 
switch register are loaded into the flip-flop register simultaneously. 


Instead of drawing the individual flip-flops, most registers are shown 
as only a single box with the inputs and outputs identified as shown 
in Figure 6-26. 
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Figure 6-26 


This is particularly true of MSI integrated circuit registers. Many IC 
registers also do not have the complement outputs available. 
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Self Test Review 


12. The T input of a D type flip-flop determines its state. 
a. True 
b. False 


13. D type flip-flops are widely used to form 


14. Complete the truth table of a NOR gate D flip-flop. 





15. What is the decimal equivalent output of the register shown in 
Figure 6-27? Assume positive logic. 





Figure 6-27 





= LOAD=BINARY 1 


16. Given the input waveforms shown in Figure 6-28, sketch the nor- 
mal output waveform of a NAND gate D type flip-flop. 








Figure 6-28 











Answers 


12. False 
13. storage registers 


14. 

ee Ee 
oo fo To fi 
o 
a fo fu Te 
The normal (Q) output will be the same as the D input when T 


is low. When T is high, the D input is ignored, and the flip-flop 
simply retains the bit X stored there previously. 






X = Oor1 






15. 1119 The output of the switch register is 1011. This is stored in 
the flip-flop register since the LOAD line is high. Therefore, the 
register output is 1011. = 114. 

16. See Figure 6-29. 


Figure 6-29 
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JK FLIP-FLOPS 


The JK flip-flop is the most versatile type of binary storage element 
in common use. It can perform all of the functions of the RS and D 
type flip-flops described earlier plus it can do several other things 
that these simple flip-flops cannot. Naturally, it is more complex and 
expensive than the other types so for that reason it isn’t always used 
where simpler and less expensive circuits will do. 


An integrated circuit JK flip-flop is really two flip-flops in one. It 
usually consists of two latches, one feeding the other, with appropri- 
ate input gating on each. See Figure 6-30. 


MASTER 





Figure 6-30 


The arrangement is called a master-slave JK flip-flop. The master flip- 
flop is the input circuit. Logic signals applied to the JK flip-flop set 
or reset this master latch. The slave flip-flop is the latch from which 
the outputs are taken. The slave latch gets its input from the master 
latch. Both latches are controlled by a clock pulse. Since there are 
two places to store bits in a JK flip-flop, there are times when both 
master and slave latches are identical or times they are complemen- 
tary. But only one of these latches is responsible for indicating the 
state of the JK flip-flop. The slave latch designates the state being 
stored. If it is set, the JK flip-flop is storing a binary 1. 











Refer to Figure 6-31. 
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Figure 6-31 


The logic gates are the positive NAND type. Gates 3 and 4 make up 
the master latch while its input is controlled by gates 1 and 2. The 
slave latch is made up of gates 7 and 8. Gates 5 and 6 control the 
transfer of the master latch state to the slave latch. Note that clock 
signal T controls the input gating circuits. The inverter keeps the 
clock to the master and slave input gates complementary. The clock 
pulse controls the JK flip-flop while the J and K inputs determine 
exactly how it will be controlled. (Note: You will also see the T input 
referred to as C or CLK designating clock pulse or clock.) 





The set (S) and clear (C) inputs also control the JK flip-flop. These 
are inputs to the slave latch that can be used to set or reset (clear) 
the flip-flop. These inputs override all other circuitry in the JK flip- 
flop. These inputs are used to preset the state of the flip-flop prior 
to any other operation involving the JK inputs and the clock. They 
work just like the inputs on any latch. 


To set the slave latch and the JK flip-flop, the S input should be low, the 
C input high. This forces the normal Q output high indicating that a bi- 
nary 1 is being stored. To reset the JK flip-flop, the C input is made low 
while S is high. Normally, the S and C inputs will be high when they are 


not being used to preset the flip-flop. This arrangement is identical to that 
for the NAND latch. 
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Now let’s consider how the J, K,and T (clock) inputs affect the flip-flop. 
Refer to Figure 6-31. Consider the time when the clock input is low. 
Gates 1 and 2 will be inhibited so the J and K inputs cannot control 
the state of the master latch. The master latch can be in either state. 
At this time, the slave latch will have the same state as the master 
latch when the clock input is low. The output of the inverter in the 
clock line is binary 1, causing the gates 5 and 6 to be enabled during 
this time. Therefore, the state of the master latch is simply transferred 
to the slave latch. For example, if binary 1 is stored in the master latch, 
the output of gate 3 will be high and the output of gate 4 will be low. 
This will make the output of gate 5 low and the output of gate 6 high. 
This low on the input to gate 7 will force its output high, thereby 
setting the slave latch and storing a binary 1. 





Now if the clock T goes high, gates 1 and 2 will be enabled. The output 
of the inverter will inhibit gates 5 and 6. The master latch cannot further 

change the slave latch. But now with gates 1 and 2 enabled, the J and K 
inputs can affect the state of the master latch. The JK flip-flop outputs 
Q and Q are fed back around to gates 1 and 2 where, along with the J and 
K inputs, they will also determine the state of the master latch. 


If both J and K inputs are low, the outputs of gates 1 and 2 will be held 
high, sono change takes place in the master latch. 





If the J and K inputs are both high (or open), then the state of the 
master latch will be determined by the Q and Q outputs. For example, 
if the slave latch is set, the master latch will be reset. If the slave is 
reset, the master will be set. The reason for this is the way the outputs 
are crisscrossed back to gates 1 and 2. Remember that with the J, K, 
and T inputs high, the state of the master latch will be determined 
by the Q and Q outputs. 


Now let’s consider the effect of the J and K inputs. These inputs are 
analogous to the set and reset inputs on a latch. If J is 1 and K is 0, we 
will set the master latch. If J is 0 and K is 1, the master latch will be reset. 
Remember, the T input line must be high for this to happen. 
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The state of the JK flip-flop is the state of the slave latch. The state 
of the slave latch is determined by the master latch. The state of the 
master is, in turn, determined by the J and K inputs. And to top it 
off, the clock input determines when each of these latches will be af- 
fected. With the clock input high, only the master latch will be affected. 
The inverter on the clock line blocks gates 5 and 6 so the slave latch 
is not disturbed. The states of the JK inputs will ultimately determine 
the output state but only at a specific time. When the clock line switches 
from high to low (trailing edge), the state of the master latch is transfer- 
red to the slave latch. 





When the clock (T) is high, gates 1 and 2 will be enabled therefore 

the master latch will be changed by either the Q and Q outputs or 
by the J and K inputs. When the clock goes low, the state of the master 
latch is transferred to the slave latch through gates 5 and 6, which 
are enabled at this time. Gates 1 and 2 are inhibited and the J and 
K inputs have no effect. 


If the JK inputs are high or open, the flip-flop will change state each time 
the clock input switches from high to low. To show this, assume that the 
clock input is high, the JK inputs are high, and the slave latch is set. The - 
Q and Q lines fed back to gates 1 and 2 cause the master latch to be reset. 
Then when the trailing edge of the clock pulse occurs, (clock switches 
from 1 to 0), the reset state in the master is transferred to the slave. The 
JK flip-flop is now reset. When the clock again goes high, the slave latch 
then sets the master latch. As the clock goes low, the set state in the mas- 
ter is transferred to the slave. As you can see then, with the JK inputs 
high, the flip-flop complements itself each time the clock switches from 
high to low (trailing edge). We call this operation toggling. 
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Assume the J and K inputs are open or high. The waveform in Figure 6-32 
represents the normal flip-flop output. 


e» aa» =æ | =» œe 


Figure 6-32 


When the clock switches from 1 to 0, the state of the flip-flop changes. 
The output is not affected during the 0 to 1 transition (leading edge). 


If you will look at the clock and output waveforms in Figure 6-33, you 
will see a definite relationship. The Q output has a frequency one half 
the T input. The reason for this is simply that the flip-flop changes state 
on only the trailing edge or every other transition of the clock. Therefore, 
the JK flip-flop in its toggling mode is a two to one frequency divider. It 
halves any input frequency applied to the clock input. If an input of 50 
KHz is applied, the output will be one half or 25 KHz. Cascading JK flip- 
flops permits frequency division by any factor of 2 (2, 4, 8, 16, 32, 64, 
etc.). The frequency division ratio is 2” where n is the number of flip- 
flops cascaded. 


of LI LI LIL 


Figure 6-33 
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We have now considered all of the modes of operation of the JK flip-flop, 
but let’s review them each briefly. Refer to Figure 6-31. 





First, there are the S and C inputs. The effect of these can be summed up 
by the truth table below. 





This is exactly the same truth table we established for the NAND latch. 
Yes, the JK flip-flop does have an ambiguous state. If both S and C 
inputs are low, both the Q and Q outputs will be high. Therefore, care 
should be taken to see that this condition does not occur. 





The set (S) and clear (C) inputs are used to preset the flip-flop to some 
desirable condition prior to another operation. The most common opera- 
tion is to reset it. For that reason many IC JK flip-flops have only a Cinput 
line. Use of the S and C inputs is referred to as asynchronous operation. 
The state of the flip-flop changes immediately upon the application of 
the appropriate input level. No other conditions are necessary. This is 
not true of the J and K inputs. Their effect is dependent upon the state 
of the clock signal. Therefore, we call the J and K inputs synchronous be- 
cause they cause state changes only on the occurrence of a specific clock 
transition, that is in synchronism with the clock. 


When the clock input switches from 1 to 0, state changes occur. It is on 
this transition that the contents of the master latch is transferred to the 
slave latch. For some types of JK flip-flops, toggling occurs on the leading 
or positive edge of the clock signal. Be sure to check the manufacturer’s 
data sheet for details on any device you are using. 
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Figure 6-34 


The synchronous operation of the JK flip-flop is summed up in the truth table 
below. Note that only the normal (Q) output condition is shown, but it is given 
twice, once prior to a clock pulse (t) and then after one clock pulse (t + 1). The 
output state X can represent either set (1) or reset (0). 


INPUTS OUTPUTS 
Q(t+1) 





Refer to the truth table. When the J and K inputs are both low, the clock can 
change all it wants to but it will not affect the state of the flip-flop. The flip-flop 


simply retains its previous condition which can be eithér set or reset. This is an 
inhibit mode. 


To reset the JK flip-flop, apply a 0 to the J input and a 1 to the K input then ap- 
ply a clock pulse. The flip-flop will reset. To set the JK flip-flop you apply a 1 to 
J and O to K and again apply a clock pulse. The flip-flop will set on the trailing 
edge of the clock. 


With the J and K inputs both at binary 1, the flip-flop toggles or complements 
each time the clock switches from 1 to 0. The flip-flop acts as a2 to 1 frequency 
divider. Modern integrated circuit flip-flops are available in a variety of con- 
figurations. Some ECL flip-flops can toggle at rates as high as 1 GHz. 


That completes the basic operation of a JK flip-flop. The symbol used to repre- 
sent ät is shown in Figure 6-34. 
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As a final check of your understanding of this important device, consider 
the input waveforms shown in Figure 6-35. 





Figure 6-35 


The J and K inputs affect the flip-flop state, but state changes occur only 
on the 1 to 0 transition of the clock pulse. This is synchronous operation. 


In Figure 6-35, the normal output of the flip-flop is low prior to the occur- 
ance of the first clock (T) pulse. Pulses 1 and 2 occur but since both the 
J and K inputs are low, the flip-flop is inhibited and no state change takes 
place. Then, the J input goes high. On the trailing edge of the next clock 
pulse (3), the flip-flop sets. When pulse 4 occurs, J is still high so the flip- 
flop would remain set. The J input goes low, then clock pulse 5 occurs. 
With both J and K low, the trailing edge of pulse 5 has no effect. The flip- 
flop remains set. Next, the K input goes high and J remains low. On the 
occurence of the 1 to 0 transition of pulse 6, the flip-flop resets. Pulse 7 
tries to reset it again. The K input goes low. Pulse 8 occurs and since J 
and K are low, the flip-flop remains reset. The J and K inputs go high 
simultaneously. Pulses 9 and 10 then toggle or complement the flip-flop, 
9 setting it and 10 resetting it. After this J and K go low inhibiting the flip- 
flop. Pulse 11 has no effect. 





The JK flip-flop is highly versatile. They are widely used in storage 
registers, shift registers, frequency dividers, and counters. You will 
learn more about each of these circuits in a later unit. 





6-34 UNIT SIX 


Self Test Review 


17. 


18. 


19. 


20. 


21. 


22. 


The asynchronous inputs to a JK flip-flop are designated: 
a. JandK 


b. SandC 
c. QandQ 
d. T 


The JK flip-flop operates as a NAND latch when which inputs are 
used? 


a. SandC 
b. JandK 
Gc. T 


d. none of the above 

On a JK flip-flop the S and C inputs are high, the J input is high, 
the K input is low. What is the state of the flip-flop when one clock 
pulse occurs on the T input? 

a. reset 

b. set 

c. ambiguous 

d. insufficient information given to determine the state. 

The state of the JK flip-flop changes when the clock signal on T 
switches from: 

a. hightolow 

b. lowtohigh 

c. eithera.orb. 

The following conditions exist in a JK flip-flop: J = K = 1, S 
= C = 1,Q = 1, Q= O. What is the binary contents of the flip-flop 
after three clock pulses occur? 

a. binary0O 

b. binary 1 

c. insufficient data given to determine state. 

Both J and K inputs are held low. The S and C inputs are high. The 
Q output is 0. What is the state of the flip-flop after three clock 
pulses? 

a. binary0O 

b. binary1 

c. insufficient information given. 




















23. 


24. 


29. 


26. 


27. 
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Which of the following conditions will reset a JK flip-flop? (indi- 
cate all choices that apply) 


a. J=1,K=0,S =1,C = 1,T changes 

b. J=1,K=1,S =1,C = 1, Tchanges 

c. J=0,K=1,S =1,C = 1,T changes 

d. J=0,K=0,S =1,C = 0, Tchanges 

e. J=1,K=1,S =0,C = 1,Tchanges 

f. J=1,K=0,S =0,C =O, T changes 

Disregarding the S and C inputs, a JK flip-flop changes state when 
a. Jchanges 

b. Kchanges 


c. JandKchange 

d. whenT switches from 1 to 0. 

In a JK flip-flop, J = K = 1,S = C = 1. The T input is a 330 KHz 
square wave. The Q outputisa 

a. binary0O 

b. binary1 

c. 165 KHzsquare wave 

d. 330KHzsquare wave. 

In a JK flip-flop, J = K = 1, S = C = 1. The T input is at 2 MHz 
with a duty cycle of 30 percent. What is the frequency and duty 
cycle of the Q output? 

a. 2MHz, 30 percent 

b. 2MHz,15 percent 

c. 1MHz,15 percent 

d. 1MHz,30 percent 

e. 1MHz,50 percent. 


The duty cycle is the ratio of the pulse on (binary 1) time to the 
period of the signal times 100 percent 


pulse on time 
period 


percent duty cycle = X 100 (period = 1/f) 





A JK flip-flop could be used for switch contact bounce buffering? 
a. True 
b. False 
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Answers 

17. b. SandC 

18. a. SandC 

19. b. set 

20. c. Could be either. Check data sheet to be certain. 

21. b. binary 1. With Q = 1 and Q = 0, the flip-flop is initially reset. 
The first clock pulse toggles the flip-flop to a binary 1, the sec- 
ond to binary 0, and the third back to binary 1. 

22. a. binary 0. With] = K = low (binary 0) the flip-flop will not toggle. 

23. c. J=0,K =1,S = 1,C = 1, Tchanges (synchronous) 

d. J=0,K = 0,S = 1,C = 0, T changes (asynchronous) 
| 24. d. whenT switchesfromi1to0 — 

25. c. 165 KHz square wave. A JK flip-flop divides by 2. 

26. e. 1 MHz 50 percent. The JK flip-flop divides by 2. The output al- 
ways has a 50 percent duty cycle (equal binary 0 and binary 1 
times) if the T input is a fixed frequency. Regardless of the duty 
cycle of the input signal, the flip-flop toggles on the 1 to 0 transi- 
tion making the duration of the set and reset states equal to the 
period of the input. 

27. a. True. Use the S andC inputs. 
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EXPERIMENT 9 





Set-Reset Flip-Flops 


OBJECTIVES: To demonstrate the operation and 
characteristics of a set-reset (latch) 
flip-flop. 

Materials Needed: 


Heathkit Digital Design Experimenter (ET-3200) 
1 — 74LS00 IC (443-728) 
1 — 74LS02 IC (443-779) 


Procedure 


1. Wire the latch circuit shown in Figure 6-36. The set (S) and reset (R) 
inputs to the latch will come from the A and B outputs of the two 
logic switches. The A logic switch is the set input, the B logic switch 
is the reset input. The latch outputs, C and C, will be displayed on 
LED indicators L1 and L2 respectively. Be sure to apply power to the 
IC by connecting pin 14 to + 5 volts and pin 7 to GND. 





1/2-74LS00 
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Figure 6-36 


When the logic switches are not depressed, what is the normal state 
of the S and Rinputs? 


2. Apply power to the Experimenter and note the state of the latch by 
observing LED indicator L1. L1 = binary 


Using the logic switches, apply the logic levels designated in Table 
I to the S and R inputs of the latch. Observe the output conditions 
on the LED indicators for each set of input states. Record your output 
states in Table I. 
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OUTPUTS 
S(A) RB) | C(L1) | C2) | STATE 
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Table I 


In the column marked STATE in Table I, write a single word desig- 
nating the state represented by each set of outputs. 


To get a feel for how the circuit operates, play with the inputs while 
observing the outputs. By repeatedly putting the latch into the set, 
reset, and. ambiguous states you will understand it better. 


3. Construct the circuit shown in Figure 6-37. Use a type 74LS02 IC. 
As before, the set and reset input signals will come from the logic 
pushbutton A (set) and B (reset). 


1/2-74LS02 
= = 





FROM 
LOGIC 
SWITCHES 
A 
Figure 6-37 
4. Apply power to the circuit. Note the state of the latch by observing 
L1. L1 = binary _________. Then apply the inputs given in 
Table II. Observe the outputs for each set of inputs and complete the 
D and D columns. 


Table II 





In the column labeled STATE in Table II, write a word that desig- 


nates the state of the latch as indicated by each of the output indica- 
tions. 


5. Compare the data in Tables I and II and note the similarities and dif- 
ferences in operation between the NAND and NOR latches. 
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Discussion 


In Steps 1 and 2 you constructed a NAND gate latch using a type 74LS00 
IC. The inputs were obtained from the momentary contact logic switches 
A and B. Specifically, the A and B outputs of these logic switches were 
used to supply the set and reset inputs respectively. The A and B outputs 
are normally high. When the switch is depressed, the A or B output goes 
low. With both switches in their normal or non-depressed state, the S and 
R inputs to the latch are binary 1. Therefore, they have no effect on the 
state of the latch. 


When power is applied the latch can go into either state. The C output 
could be either 0 or 1 as indicated by LED indicator L1. Regardless of the 
initial state, C and C should be complementary. 


When the B logic switch is actuated, a low level is applied to the reset 
input. The C output (L1) should-go low and the C (L2) output high. When 
the B switch is released, the flip-flop will remain reset thereby storing 
a binary 0. Actuating the A logic switch supplies a low to the set input. 
The C output (L1) goes high and the C output (L2) low. When the A switch 
is released, the flip-flop remains set storing a binary 1. 





When both logic switches are actuated to apply a low to both set and reset 
inputs, both C and C outputs go high. This is the ambiguous state. 


In Steps 3 and 4 you constructed and tested a NOR gate latch. The set 
and reset inputs are supplied by the normal outputs (A and B) of the two 
logic switches on your Experimenter. The A and B outputs are normally 
low when the switches are not actuated. A low input or NOR latch does 
not change its state as it does in the NAND latch. Therefore, with both 
inputs low, the latch can be either set or reset depending upon the arbi- 
trary state it comes up in when power is applied. 


When the B logic switch is actuated, the B output goes high applying a 
high or binary 1 level to the reset input. This forces the D output low and 
the D output high thereby indicating that a binary 0 has been stored. 
Upon releasing the B switch, the latch retains the reset state. 


When you depress the A logic switch, you apply a high level to the set 
input. The D output goes high and the D output goes low. The flip-flop 
remains in the set state when the switch is released. 
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If you apply binary 1’s to both set and reset inputs at the same time 
by simultaneously actuating the A and B logic switches, the latch 
goes into the ambiguous state. Both outputs go low. 


In comparing the NAND and NOR gate latches we can say in sum- 
mary: 


1. Either type flip-flop will store one bit of data, with the state of the 
outputs indicating the value of the bit stored. The two outputs are 
complementary. 

2. The NAND latch requires a low level on either input to set or reset 
it. The NOR latch requires a high level at the appropriate input 
to change its state. 

3. For a NAND latch, the inputs normally reset in the high state. The 
NOR latch inputs are normally both low. 

4. Both types of latches have an ambiguous state. In the NAND both 
outputs are high. In the NOR gate latch, both outputs are low. 
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EXPERIMENT 10 





D Type Flip-Flops 


OBJECTIVES: To demonstrate the operation of a 
D type flip-flop and a storage register 


Materials Needed: 


Heathkit Digital Design Experimenter ET-3200 
1— 74LS00 TTL IC (443-728) 
1 — 4001 CMOS IC (443-695) 
1— 74LS75 TTLIC (443-781) 


Procedure 


1. Wire the circuit shown in Figure 6-38. Use a type 74LS00 IC. Be- 
cause of the large number of connnections required, take your time 
to avoid making a wiring mistake. Double check your connections 
before you perform the experiment. Don’t forget to connect pin 
14 to +5 volts and pin 7 to GND. The D and T inputs will be 
supplied by data switches SW1 and SW2. The flip-flop outputs 
will be monitored on LED indicators L1 and L2. 





fa 






(14. 







PIN 14- +5VOLTS 


PIN 7- GND 


Figure 6-38 
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2. Set input data switches to binary 0 and record the state of the flip- 
flop. Apply the logic levels indicated in Table I to the D and T inputs. 
Note the output states for each set of inputs and record your results 
in Table I. 


TABLEI 





3. For a more graphic indication of exactly what takes place, replace 
the data switch on the D input with a logic clock signal. Set the 
clock frequency to 1 Hz and connect one of the free LED logic 
indicators to monitor it. Set the T input first to binary 1 and ob- 
serve the flip-flop outputs for a brief period. Note the relation- 
ship between the clock state and the Q output. Set the T input 
to binary 0 and again observe the outputs. Repeat. 





4. Construct the circuit shown in Figure 6-39. Use a 4001 CMOS 
NOR IC. Use data switches for the D and T inputs and LED indi- 
cators for the outputs. 


Figure 6-39 l 
pl eee tee eee 
SW2. ‘ | 
PIN 7 - GND 


5. Apply the logic levels given in Table II to the D and T inputs. 
Note the output states for each set of inputs and record your data 
in Table II. 
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TABLE II 


INPUTS OUTPUTS | 





6. Repeat Step 3 for the NOR D-type flip-flop. 
7. Compare your results in Tables I and II and in Steps 3 and 6. 


8. Wire the circuit shown in Figure 6-40. The 74LS75 IC contains four 
TTL D-type flip-flops similar in operation to the NAND D-type flip 
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discussed earlier. Figure 6-41 shows the internal structure and pin 
connections for this device. Note that +5 volts is connected to pin 
5 and GND is connected to pin 12. The data switches on the Experi- 
menter will be used as a switch register. The switch outputs will be 
used as a source of data for a four bit register made from the flip-flops 
in the 74LS75. You will monitor the register output on the LED logic 
indicator. 


Logic switch A will be used as the LOAD or strobe signal which 
transfers input data into the register. 
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TOP VIEW OF 74LS75 
TTL IC. 


(QUAD. D FLIP- 
FLOPS) 








+5V 


Figure 6-41 
Top view of 74LS75 TTL IC. 
(quad D flip-flops). 


9. Apply power to the circuit and record the number in the register. 
Indicator L4 monitors the LSB. i 


10. Set all of the data switches to binary 0. Then momentarily de- 
press the A logic switch. Record the binary number in the regis- 
ter. 

11. Set all the data switches to binary 1. Depress the A logic switch 
and note the register contents. Record. 


12. Load the sixteen binary numbers 0000 through 1111 into the re- 
gister one at a time by seting the data switches then actuating the 
A logic switch. Verify that the input does load by comparing the 
LED indicator states with the data switch setting after the A but- 
ton is depressed. 





Discussion 


In Step 1 you constructed a D-type flip-flop with TTL NAND gates. 
When you applied power in Step 2, the flip-flop could have assumed 
either the set or reset state. When you set the T input to binary 1 and 
the D input to binary 0, the flip-flop will be reset as indicated by L1 
being off. With both the D and T inputs binary 1, flip-flop will be- 
come set. L1 will be on. With the T input set to binary 1, you can 
switch the D input between binary O and 1 and watch the normal 
output follow it. If the T input is binary 0, the flip-flop state will be 
that determined by previous inputs. Switching the D input between 
O and 1 while T is binary 0 will not affect the state of the flip-flop. 
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In Step 3 you applied the 1 Hz clock signal to the D input and observed 
the operation of the flip-flop. With T set to binary 0, the clock signal 
at the D input is ignored. But with T set to binary 1, the flip-flop output 
follows the D input. The LED indicators on the CLK and Q lines should 
switch off and on in synchronism. 





In Step 4 you assembled a D flip-flop from CMOS NOR gates. In Steps 
5 and 6 you evaluated its operation. Basically you should have found 
that its operation was identical to that of the NAND D flip-flop with 
the exception of the state of the T input. On the NOR flip-flop, the 
T input must be low in order for the D input to be recognized. With 
the T input low, the normal output follows or tracks the D input. When 
the T input is high, the D input will have no effect on the state of 
the flip-flop. 


In Step 8 you assembled a 4-bit storage register using the four D-type 
flip-flops in a type 74LS75 TTL MSI IC. The operation of the flip- 
flops in this device is similar to the NAND D flip-flop you studied 
earlier. The data switches on the Experimenter were used as a switch 
register. The A logic switch is used as a manual LOAD control. The 
A output is normally low thereby keeping the T inputs to all four re- 
gister flip-flops low. The inputs from the switch register are ignored. 
When the A switch is actuated, the A output goes high causing the 
data from the switch register to be loaded into the register. 





When you first applied power, the contents of the register could have 
been anything. When power is applied to a flip-flop it can come up 
in either the set or reset condition. Next you reset the register by 
loading all binary 0’s. Then you loaded 1111. These two operations 
check to see that all four flip-flops work in both states. 


Finally, you sequentially loaded the numbers 0000 through 1111. 
This gives you an opportunity to become familiar with setting binary 
numbers on the switch registers and practice in reading binary num- 
bers from the LED indicators. An important point you should have 
grasped is that the input word can be different from the register con- 
tents. With the LOAD input low, the D inputs to the flip-flop are ig- 
nored. When LOAD is made binary 1, however, the register output 
becomes equal to the inputs. 
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EXPERIMENT 11 
JK Flip-Flops 
OBJECTIVES: To demonstrate the operation and 
characteristics of a JK flip-flop. 
Materials Needed: 





Heathkit Digital Design Experimenter 
1—74LS04 TTL IC (443-755) 
1—74LS76 TTL IC (443-829) 


Procedure 


1. Connect the circuit shown in Figure 6-42. Use data switches for the J, K, S, 
and C inputs. Use logic switch A for the clock T input. Connect LED indica- 
tors to each output. The pin connections for 74LS76 dual JK flip-flop are 





SW3 
1/2-74LS76 
SW1 i 4 2 is! L? 
3 5 Q 
A T 
t 1 tig L2 
t 16 Kc’ i 5 
pe LIL Jz CND 
SW4 
Figure 6-42 


shown in Figure 6-43. There are two identical JK flip-flops in the 74LS76 IC, 
but we will use only one. Connect + 5 volts to pin 5 and GND to pin 13. 
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Figure 6-43 
Pin connections for dual JK flip-flop 74LS76. 


2. First you will check the asynchronous operation of the JK flip-flop. Set J = K 
= 1 with SW1 and SW2. Apply the levels indicated in Table I to the S and C 
inputs. Note the output states and record them in Table I. Repeat this step with 
J = K = Q. Record the results in Table I. 


Do the JK inputs affect the asynchronous operation? 


TABLE I 








3. Next, verify the synchronous operation of the JK flip-flop. Remove the wire 
connecting the Q output to LED indicator L2. Set the S and C inputs to binary 
1. Then apply the logic levels indicated in Table II. Note the normal output 
state before (Q) and after [Q (t+1)] the application of a single clock pulse from 
the A logic switch. After you have completed Table II, repeat the inputs given 
and toggle the clock (T) input several times with the A logic switch for each 
set of inputs. Note the results on the LED logic indicators. 


NOTE: Q (t+l) means the state of the Q output after the application of one 
Clock pulse with the given inputs. 
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TABLE II 





4. Set the J and K inputs to binary 1, and the S and C inputs to binary 1 with the 
logic switches. Remove the A logic switch from the T input and connect a 1 Hz 
clock (CLK) signal to it. Also connect a spare LED logic indicator to monitor 
the CLK signal. Observe the CLK input and Q output on the LED indicators. 
What is the relationship between input and output frequencies? 





5. Construct the circuit shown in Figure 6-44. The circuit will be driven from the 1 Hz 
CLK signal. The A and B logic switches will control the circuit. You will observe the 
output states on LED indicators L3 and L4, and the CLK input on LED indicator L1. 









NOTE: The logic level of the JK flip-flop’s Q output is not strong enough to drive both 
the next flip-flop and an LED. Therefore, you will use a 74LS04 hex inverter on the Q 
output to drive the LED. 






(1Hz) 


>| 





Figure 6-44 


6. Observe the relationship between the input (L1) and output (L3 and LA) waveforms. 
You can do this by counting the number of input and output pulses. Sketch a timing 
diagram illustrating this relationship. 
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7. While the circuit is operating, depress and hold the B logic switch. What effect does 
this have on the circuit? (Note the output states). Release the B switch. Repeat this 
step several times. l 


8. Depress and hold the A logic switch while the circuit is operating. Note the effect on 
the outputs. Release the A switch. Repeat several times. 






NOTE: If you have an oscilloscope, set the CLK frequency to 1 KHz or 100 KHz and 
observe CLK, FF1, and FF2, noting their frequency relationship. 





Discussion 


In Steps 1 and 2, you verified the operation of the JK flip-flop in the asynchronous mode. 
This refers to the use of the set (S) and clear (C) or reset inputs to control the state of the 
flip-flop. From the data you recorded in Table I, you should have found that the JK flip-flop 
functions just like a NAND latch when the S and C inputs are used. With both inputs binary 
1, the flip-flop can be in either state. When C is low and S is high, the flip-flop is reset. Wilh 
C high and S low, the flip-flop is set. If both S and C are low, the ambiguous state (Q = Q = 1) 
occurs. 


In steps 3 and 4, you verified the synchronous operation of the JK flip-flop. The most 
important points to note are: 


1. Itis not the JK inputs that cause the state of the flip-flop to change. It is the T input 1 to 
Q transition that causes the state change. The J and K inputs do determine the state to 
which the flip-flop goes but not when it changes. 


2. The flip-flop toggles or complements each time a 1 to 0 change occurs on the T input 
with J = K = 1. 


3. The flip-flop does not toggle when a clock pulse occurs if J = K = 0. This makes the JK 
inputs useful as a toggle inhibit control. 


4. ‘To reset the JK flip-flop, apply a 0 to the J input and a 1 to the K input, then apply a 
clock pulse. 


5. To set the JK flip-flop, apply a 1 to the J input and a 0 to the K input, then apply a clock 
pulse. 


6. For every two binary 1 input pulses on T, one binary 1 pulse occurs at the Q Output. This 
indicates a two-to-one frequency division. 


In Step 5 you cascaded two JK flip-flops and in Step 6 you determined the input-output 
relationships. By observing the LED indicators you should have found that for every four 
binary 1 clock input pulses there were two pulses from FF1 and one pulse from FF2. This 
indicates that each flip-flop divides the input frequencies by 2. The overall circuit, both flip- 
flops together, divides by 4. The input is 1 Hz. The output of FF1 is 0.5 Hz and the output of 
FF2 is 0.25 Hz. Your input-output waveforms should appear as shown in F igure 6-45. 


"i = 
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Figure 6-45 


In Step 7 you used the B logic switch to control the JK inputs to FF1. With the switch in its 
normal position, the B output is binary 1. Therefore, the JK inputs are binary 1 and the flip- 
flop toggles with each clock pulse. When you depress the B logic switch, B goes low. This 
inhibits FF1. The clock pulses will not affect it with J = K = 0. It will simply retain the state 
to which it was set by the last clock pulse prior to the JK inputs becoming low. Since FF1 
does not toggle, FF2 will not toggle. The input to FF2 comes from FF1. As a result, when 
the JK in puts on FF1 go low, the clock pulse has no effect and the flip-flop states can be 
anything 


When you depress the A logic switch you reset both flip-flops. With the A logic switch in its 
normal position, the A output is high. This puts a binary 1 on both C inputs. This will not 
affect the flip-flop states. When you depress the A logic switch, the A output goes low. This 
resets both flip-flops immediately. Regardless of the states of the flip-flops, when you de- 
press A, both will be put into the binary O condition. You will note that this reset state 
overrides the clock signal. With the C inputs low, the clock input has no effect. In a JK flip- 
flop, the asynchronous inputs always take precedence over the synchronous inputs. 
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UNIT EXAMINATION 





The pupose of this exam is to help you review the key facts in this 
unit. The problems are designed to test your retention and under- 
standing by making you apply what you have learned. This exam is 
not so much a test as it is another learning method. Be fair to yourself 
and answer all the questions first before checking the answers. 


1. A flip-flop is a logic element that: 
a. makes decisions 
b. stores binary data 
c. generates a clock signal 
d. buffers NAND gates 
. Which of the following is not a type of flip-flop? 
a. RS 
b. one shot 
c. latch 
d. D 
e 
f. 


Im 


. register 
JK 
3. (A) The normal output of a flip-flop is low. What state is the 
flip-flop in? 
a. set 
b. reset 
(B) The complement output of a flip-flop is binary 0. What state 
is the flip-flop in? 
a. set 
b. reset 


4. AJK flip-flop toggles: 
a. On the positive or leading edge of the clock pulse. 
b. When the clock switches from binary 0 to binary 1. 
c. When the J and K inputs simultaneously switch from bi- 
nary 1 to binary 0. 
d. On the negative or trailing edge of the clock pulse. 


5. A storage register made up of six D flip-flops is storing a binary 
word. The flip-flop states are: A = set, B = set, C = reset, D 
= set, E = reset, F = set. The A flip-flop is the LSB. The deci- 
mal equivalent of the register content is: 

a. 43 
b. 47 
cC. 54 
d. 59 
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6. Write the name of the flip-flop corresponding to each symbol in 





Figure 6-46. 
S F 
R F 





Figure 6-46 


Illustration for Question ô. 


7. The “limbo” state of a flip-flop is recognizable when: 
a. both outputs are binary 0. 
b. both outputs are binary 1. 
c. both outputs are the same. 
d. the outputs are complementary. 
8. A digital circuit used to store a binary number is called a: 
a. flip-flop 
b. memory 
c. word 
d. register 
9. The name given to the class of logic circuits containing flip-flops 
is: 
a. combinational 
b. sequential 
c. linear 
d. feedback 





10. To reset a positive NOR latch which of the following conditions 
must occur? 
a. binary 0 to S input 
b. binary 1 to S input 
c. binary 0 to R input 
d. binary 1 to R input 
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11. To preset a JK flip-flop to the binary 1 state, which of the following 





conditions must occur? 
a.J=1,K=0 
bS=0,C=1 
c.J=0,K=1 
d.S =1,C=0 
12. Which of the following ways can a JK flip-flop be reset? Check all 
that apply. 


a. Ground the C input. 
b. Ground the S input. 
c. Set J to 0 and K to 1 and apply a clock pulse. 
d. Set J to 1 and Kto 0 and apply a clock pulse. 
e. Toggle the T input with J = K = 1. 
13. Onecommon application of the RS flip-flop is: 
a. switch contact debouncing 
b. registers 
c. frequency division 





d. counting 
14. To inhibit a JK flip-flop from toggling, which of the following must 
occur? 
a.J=0,K=1 
b.J=1,K=0 
c.J=K=0 
d.jJ=K=1 


15. Dflip-flops are most frequently used in: 
a. switch contact debouncing 
b. storage registers 
c. frequency dividing 
d. counting 
16. The normal output of a JK flip-flop is 48 MHz. The clock input is: 
a. 24 MHz 
b. 48 MHz 
c.71 MHz 
d. 96 MHz 


17. The term used to designate a logic circuit that is actuated by a clock 
signal is: 
a. sequential 
b. synchronous 
c. pulsed 
d. asynchronous 
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18. Complete the Q (normal) output waveform of an RS and NAND flip- 
flop, given the S and R inputs shown in Figure 6-47. 





Figure 6-47 
Illustration for Question 18. 


19. The Q output of the D flip-flop shown in Figure 6-48 is correct for 
the given inputs. 
a. True 
b. False 





O —j 
O m © = 


Figure 6-48 
Illustration for Question 19. 


20. Given the J, K, and T inuts to a JK flip-flop shown in Figure 6-49, 
draw the Q output waveform 


0— Figure 6-49 
Illustration for Question 20. 
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EXAMINATION ANSWERS 
1. b. stores binary data — on bit 
2. e. register. A register is NOT a flip-flop. 
3. (A) b. reset 
(B) a.set 
4. a,d Depends on the manufacturers data sheet. 
5. a. 43 Register content FEDCBA = 1010112 = 4319 
6. A latchorRS 
B JK 
C D 
7. c. Both outputs are the same: Binary 1 in a NAND latch, Binary 
0 in a NOR latch. 
. d. register 
. b. sequential 
10. d. binary 1 to R input 
11. b. S=0,C=1 - 
12. a. Ground the C input. 
c. Set J = O and K = 1 and apply a clock pulse. 
e. Toggle the T input with] = K = 1 
13. a. switch contact debouncing 
14.c. J=K=0 
15. b. storage registers 
16. d. 96 MHz. The input is double the output, or the output is one- 
half the input. 
' 17. b. synchronous 
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18. See Figure 6-50 
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Figure 6-50 


Solution to Question 18. 


19. a. True 
20. See Figure 6-51. 





Figure 6-51 


Solution to Question 20. 
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INTRODUCTION 





In this unit you are going to learn about sequential logic circuits. These 
are logic circuits that are used for a variety of timing, sequencing, and 
storage functions. The key characteristic of sequential logic circuits is 
memory. Sequential logic circuits are capable of storing binary data. 
The output of a sequential logic circuit is a function not only of the 
various input states applied to the circuit but also the result of previous 
operations which are stored in the circuit itself. 


The main circuit elements of a sequential circuit are flip-flops. These 
flip-flops store binary data and their states are changed by the logic 
input signals in accordance with the current information stored in 
them. The sequential logic operations are generally sequenced by a 
periodic logic signal known as a clock. The clock is an oscillator that 
generates rectangular pulses at a fixed frequency. 


As with combinational logic circuits, there can exist almost an infi- 
nite variety of sequential logic circuits. However, in practice only a 
few special types seem to regularly reoccur. The two most commonly 
used sequential circuits are counters and shift registers. Because these 
two types of sequential circuits are the most widely used, we will 
emphasize their operation and application in this unit. In addition, 
clock circuits and special sequential circuit components such as one 
shot multivibrators and the delay lines will also be considered. Like 
combinational logic circuits, most sequential circuits are im- 
plemented with integrated circuits. In fact, most of the commonly 
used sequential circuits are available as a single ready to use MSI 


logic package. We will concentrate on these popular devices in this 
unit. 
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UNIT OBJECTIVES 


When you complete this unit you will be able to: 





1. Name the two most widely used types of sequential logic circuits. 
2. Explain the operation of both binary and BCD counters. 


3. Determine the maximum count capability of a binary or BCD 
counter given the number of flip-flops. 


4. Determine the count sequence of a counter from a logic diagram 
and draw the circuit waveforms. 


5. Explain the operation of a shift register. 

6. List four applications for shift registers. 

7. Explain the purpose of the clock signal and show a method of de- 
veloping it. 


8. Explain the operation of a one shot and list several applications. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 


Read ‘‘Counters.”’ 

Answer Self Test Review Questions 1-15. 

Read “BCD Counters.” 

Answer Self Test Review Questions 16-24. 
Read “Special Counters.” 

Answer Self Test Review Questions 25 and 26. 
Read “Shift Registers.” 

Answer Self Test Review Questions 27-32. 
Read “Shift Register Applications.” 

Answer Self Test Review Questions 33—38. 


Read “MOS Shift Registers.” 





Answer Self Test Review Questions 39—44. 
Read ‘Clocks and One Shots.” 

Answer Self Test Review Questions 45—50. 
Perform Experiment 12. 

Perform Experiment 13. 

Perform Experiment 14. 

Perform Experiment 15. 

Perform Experiment 16. 

Perform Experiment 17. 


Complete the Unit Examination. 
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Review the Examination Answers. 
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COUNTERS 





A binary counter is a sequential logic circuit made up of flip-flops 
that are used to count the number of binary pulses applied to it. The 
pulses or logic level transitions to be counted are applied to the counter 
input. These pulses cause the flip-flops in the counter to change state 
in such a way that the binary number stored in the flip-flops is represen- 
tative of the number of input pulses that have occurred. By observing 
the flip-flop outputs you can determine how may pulses were applied 
to the input. 


There are several different types of counters used in digital circuits. 
The most commonly used is the binary counter. This type of counter 
counts in the standard pure binary code. BCD counters which count 
in the standard 8421 BCD code are also widely used. In addition, 
counters can be developed to count in any of the special binary or 
BCD codes in common use. Both up and down counters are available. 


Binary Counters 


A binary counter is a sequential logic circuit that uses the standard 
pure binary code. Such a counter is made up by cascading JK flip- 
flops as shown in Figure 7-1. The normal output of one flip-flop is 
connected to the toggle (T) input of the next flip-flop. The JK inputs 
on each flip-flop are open or high. The input pulses to be counted 
are applied to the toggle input of the A flip-flop. 








Figure 7-1 
Four-bit binary counter. 


To see how this binary counter operates, assume that a JK flip-flop 
toggles or changes state each time a trailing edge transition occurs on 
its T input. The flip-flop will change state when the normal output 
of the previous flip-flop switches from binary 1 to binary 0. If we as- 
sume that the counter is initially reset, the normal outputs of all the 
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flip-flops will be binary 0. When the first input pulse occurs, the A 
flip-flop will become set. The binary number stored in the flip-flops 
indicates the number of input pulses that have occurred. To read the 
number stored in the counter you simply observe the normal outputs 
of the flip-flops. The A flip-flop is the least significant bit of the 
word. Therefore, the four bit number stored in the counter is desig- 
nated DCBA. After the first input pulse, the counter state is 0001. 
This indicates that one input pulse has occurred. 





When the second input pulse occurs the A flip-flop toggles and this 
time becomes reset. As it resets its normal output switches from bi- 
nary 1 to binary 0. This causes the B flip-flop to become set. Observ- 
ing the new output state, you see that it is 0010 or the binary equiva- 
lent of the decimal number 2. Two input pulses have occurred. 


e 


-oor oornoonmoo|o] 


zi 


When the third input pulse occurs the A flip-flop will again set. The RECYCLE 


normal output switches from binary 0 to binary 1. This transition is 
ignored by the T input of the B flip-flop. The number stored in the 
counter at this time is 0011 or the number 3 indicating that three input 
pulses have occurred. 
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When the fourth input pulse occurs, the A flip-flop is reset. Its nor- 
mal output switches from binary 1 to binary O thereby toggling the 





B flip-flop. This causes the B flip-flop to reset. As it does, its normal Figure 7-2 
output switches from binary 1 to binary 0 causing the C flip-flop to Count sequence of four 
become set. The number now in the counter is 0100 or a decimal 4. bit binary counter. 


This process continues as the input pulses occur. The count sequence 
is the standard 4 bit binary code as indicated in Figure 7-2. 


An important point to consider is the action of the circuit when the 
number stored in the counter is 1111. This is the maximum value of 
a four bit number and the maximum count capacity of the circuit. 
When the next input pulse is applied, all flip-flops will change state. 
As the A flip-flop resets, the B flip-flop resets. As the B flip-flop re- 
sets it, in turn, resets the C flip-flop. As the C flip-flop resets, it tog- 
gles the D flip-flop which is also reset to zero. The result is that the 
contents of the counter becomes 0000. As you can see from Figure 
7-2, when the maximum content of the counter is reached it simply 
recycles and starts its count again. 
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The complete operation of the four bit binary counter is illustrated 
by the input and output waveforms in Figure 7-3. The upper 
waveform is a series of input pulses to be counted. Here they are 
shown as a periodic binary waveform but of course it is not necessary 
for the input signal to be of a constant frequency or have equally 
spaced input pulses. The waveforms also show the normal output of 
each flip-flop. 
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Figure 7-3 
Input and output waveforms 
of a four bit binary counter. 


In observing the waveforms in Figure 7-3, you should note several 
important things. First, all the flip-flops toggle (change state) on the 
trailing edge or the binary 1 to binary 0 transition of the previous 
flip-flop. With this in mind you can readily trace the output of the 
first (A) flip-flop by simply observing when the trailing edges of the 
input occur. 





The output of the B flip-flop is a function of its input which is the 
output of the A flip-flop. Note that its state change occurs on the 
trailing edge of the A output. The same is true of the C and D flip- 
flops. The binary code after each input pulse is indicated on the 
waveforms. Of course, this corresponds to the binary count sequence 
in Figure 7-2. 


Frequency Divider. Another important fact that is clear from the 
waveforms in Figure 7-3 is that the binary counter is also a frequency 
divider. The output of each flip-flop is one half the frequency of its 
input. If the input is a 100 kHz square wave, the outputs of the flip- 


flops are: 
A — 50 kHz 
B — 25 kHz 
C -— 12.5 kHz 


D — 6.25 kHz 





Sequential Logic Circuits: Counters, Shift Registers and Clocks | 7-9 


The output of a pure binary counter is always some sub-multiple of 
two. The four bit counter divides the input by 16, (100kHz + 16 = 
6.25 kHz). 





Maximum Count. The maximum count capability of a binary counter 
is a function of the number of flip-flops in the counter. The 
maximum number that can be contained in a binary counter before 
it recycles is determined in the same way that we can determine the 
maximum binary number that can be represented by a word with a 
specific number of bits. The formula below expresses the relationship 


between the number of flip-flops in a counter and its maximum count 
capability. 


N = 2"-1 


Here N is the maximum number that occurs prior to the counter re- 
cycling. The number of flip-flops is designated by n. For example, the 
maximum number that can be contained in a counter using four flip- 
flops is 


N = 27-1 = 16 - 1 = 15 (binary 1111) 


Another example is a binary counter with nine flip-flops. A 
maximum count capability here then is 





N = 29-1 = 512 — 1 = 511 (binary 111111111) 


To determine the number of flip-flops required to implement a 
counter with a known or required count capability, use the formula 
given below. 


n = 3.32 logic N 


For example, if you wish to implement a binary counter capable of 
counting to 100, you could determine the number of flip-flops as fol- 
lows: 


n = 3.32 logig 100 = 3.32 (2) = 6.64 
n=/7 


Since there is no such thing as a fractional part of a flip-flop, the next 
higher whole number value is used. A counter with 7 flip-flops has 
a maximum count capability of 


2 =F S127. 
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When the binary counter is used as a frequency divider, the factor 
by which the counter divides is a function of the number of flip-flops 
used. To determine the divide ratio, the expression below is used. 





N = 2" 


For example, if the counter contained six flip-flops it would divide 
an input signal by 


N = 2° = 64 


What this means is that the output of the sixth flip-flop will be Va 
the frequency of the input signal applied to the first flip-flop. With 
a binary counter, the frequency division ratio is always some power 
of 2. As you will see later, it is possible to implement frequency di- 
viders that can divide the frequency by any integer value. 


Down Counters. The binary counter just described is referred to as 
an up-counter. Each time that an input pulse occurs, the binary 
number in the counter is increased by one. We say that the input 
pulses increment the counter. It is also possible to produce a down 
counter where the input pulses cause the binary number in the 
counter to decrease by one. The input pulses are said to decrement 
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A tour bit binary down counter is shown in Figure 7-4. It is practi- 
Figure 7-5 cally identical to the up-counter described earlier. The only differ- 
Count sequence for ence is that the complement output rather than the normal output of 
four bit down counter. each flip-flop is connected to the toggle input of the next flip-flop in 
sequence. This causes the count sequence to be the exact reverse of 
the up counter. The count sequence is illustrated in Figure 7-5. The 
waveforms associated with this counter are shown in Figure 7-6. 
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Figure 7-6 
Input and output waveforms 
of a four bit binary down counter. 


In analyzing the operation of this counter, keep in mind that we still de- 
termine the contents of the counter by observing the normal outputs of 
the flip-flops as we did with the up-counter. Assuming the counter is in- 
itially reset and its contents are 0000, the application of an input pulse 
will cause all flip-flops to become set. With the A flip-flop reset, its com- 
plement output is high. When the first input pulse is applied, the A flip- 
flop will set. As it does its complement output will switch from binary 
1 to binary 0 thereby toggling the B flip-flop. The B flip-flop becomes set 
and its complement output also switches from binary 1 to binary 0. This 
causes the C flip-flop to set. In the same way the complement output of 
the C flip-flop switches from high to low thereby setting the D flip-flop. 
The counter recycles from 0000 to 1111. 





When the next input pulse arrives, the A flip-flop will again be com- 
plemented. It will reset. As it resets the complement output will switch 
from binary 0 to binary 1. The B flip-flop ignores this transition. No 
further state changes take place and the content of the counter is 1110. 
As you can see this input pulse causes the counter to be decremented 
from 15 to 14. 


Applying another input pulse again complements the A flip-flop. It now 
sets. As it sets, its complement output switches from binary 1 to binary 
0. This causes the B flip-flop to reset. As it resets, the complement output 
switches from binary 0 to binary 1. The C flip-flop ignores this transition. 
The counter now contains 1101 or 13. Again the input pulse caused the 
counter to be decremented by one. By using the table in Figure 7-5 and 
the waveforms in Figure 7-6, you can trace the complete operation of the 
4 bit binary down counter. 
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Up-Down Counter. The up counting and down counting capabilities can 
be combined within a single counter as illustrated in Figure 7-7. AND 
and OR gates are used to couple the flip-flops. The normal output of each 
flip-flop is applied to gate 1. The complement output of each flip-flop is 
connected to gate 2. These gates determine whether the normal or com- 
plement signals toggle the next flip-flop in sequence. The count control 
line determines whether the counter counts up or down. 








COUNT CONTROL BINARY 1 - UP 
BINARY 0 - DOWN 


Figure 7-7 
Binary up/down counter. 


If the count control input is binary 1, all gate 1s are enabled. The normal 
output of each flip-flop then is coupled through gates 1 and 3 to the T 
input of the next flip-flop. The counter therefore counts up. During this 
time, all gate 2s are inhibited. 





By making the count control line binary 0, all gate 2s are enabled. The 
complement output of each flip-flop is coupled through gates 2 and 3 to 
the next flip-flop in sequence. With this arrangement, the counter counts 
down. 


Synchronous Counters. The counters that we have discussed so far are 
known as ripple counters or asynchronous counters. The term ripple is 
derived from the fact that the flip-flops in the counter are cascaded with 
the output of one driving the input of the next. As the count pulses are 
applied to the first or input flip-flop, the count, in effect, ripples through 
the flip-flops. The term asynchronous comes as a result of the flip-flops 
not being controlled by a single common clock pulse. Synchronous digi- 
tal circuits are ones in which all elements are synchronized to a master 
timing signal known as aclock. 


The primary advantage of a ripple counter is its simplicity. Its primary 
limitation is its counting speed. The counting speed of a binary counter 
is limited by the propagation delay of the flip-flops in the counter. In a 
ripple counter, the propagation delay of the flip-flops is additive. Since 
each flip-flop in the counter is triggered by the preceding circuit, it can 
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take a significant amount of time for an impulse to ripple through all of 
the flip-flops and change the state of the last flip-flop in the chain. This 
worst case condition occurs when all flip-flops in the counter change 
state simultaneously. Referring back to the waveforms for the four bit bi- 
nary counter in Figure 7-3 you can see that this worst case condition oc- 
curs in two places. It occurs when the count changes from 0111 to 1000 
and when the count changes from 1111 to 0000. If each flip-flop in the 
four bit circuit has a propagation delay of 50 nanoseconds, it can take as 
long as 4 x 50 = 200 nanoseconds for the D flip-flop to change state upon 
the application of an input pulse. Should the input pulses occur at a rate 
faster than 200 nanoseconds, the binary number stored in the counter 
will not truly represent the number of input pulses that have occurred. 
The counter state will lag the input signal. The upper frequency limit (f) 
of the ripple counter is approximately equal to 





1 
f= — x 109 
nt 


where n is the number of flip-flops in the counter and t is the propagation 
delay time of a single flip-flop in nanoseconds. 


For a flip-flop with a 35 nanosecond propagation delay in a four bit 
counter, the maximum counting speed is 





1 
f = x 10° = 7.1428 MHz 
4(35) 





This means that the counter can count at speeds up to about 7 MHz 
without counting errors. At higher frequencies, the states of the flip- 
flops cannot keep pace with the rapid occurrence of the input pulses. 
The counter may actually lag several pulses depending upon the 
input frequency and the exact propagation delay. Counting errors can 
occur if the counting is periodically stopped and continued. 


The direct solution to this problem, of course, is to use flip-flops with 
a lower propagation delay. Flip-flops are available to count at high 
frequencies up to 1GHz. The propagation delay is very small. Such 
flip-flops generally employ a non-saturating logic circuit such as ECL 
to achieve this fast counting rate. Such circuits are expensive and 
have high power consumption and are undesirable for many applica- 
tions. 


It is possible to reduce the propagation delay effects and increase the 
counting speed of a binary counter by using a special circuit arrange- 
ment. Counters employing this technique are known as synchronous 
counters. 
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A synchronous counter is one where all of the flip-flops are triggered 
simultaneously by a clock pulse or the signal to be counted. Since 
all flip-flops change state at the same time, the total propagation 
delay for the circuit is essentially equal to that of a single flip-flop. 
The propagation delays are not additive and therefore much higher 
counting speeds can be achieved. 





A typical synchronous binary counter is shown in Figure 7-8. Notice 
that all of the flip-flop T inputs are connected together to a common 
count input line. This connection is what makes the counter syn- 
chronous. All of the flip-flops are synchronized to the input signal 
to be counted. 





BINARY } 





Figure 7-8 
A synchronous binary counter. 


The operation of the flip-flops is controlled by the states of the JK 
inputs. As you recall, the J and K inputs can be used as controls for 
the flip-flop. Up to this point in our discussion of counters we have 
assumed that the JK inputs were open or connected to a binary 1 
level. This essentially enables the flip-flop and permits it to be tog- 
gled or complemented each time the trailing edge of an input signal 
appears on the T input line. If the JK inputs are brought to binary 
0, the signal applied to the T input will be ignored. The flip-flop will 
simply remain in the state to which it was set prior to making the 
JK input lines low. By using the JK input lines we can then enable 
or inhibit the toggling of the flip-flops. 


In Figure 7-8 the JK inputs on the A flip-flop are connected to binary 
1 to enable the flip-flop permanently. Each time a count input signal 
appears the flip-flop will toggle or change state just as the A flip-flop 
on the ripple counters discussed earlier operated. 
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The JK inputs to the B flip-flop are controlled by the normal output 
of the A flip-flop. This means that the only time that the B flip-flop 
can change state is when the output of the A flip-flop is binary 1. 
The JK inputs to the C flip-flop are controlled by the normal outputs 
of both the A and the B flip-flops. The A and B signals are ANDed 
together in gate 1 and its output used to control the JK inputs. In 
order for the C flip-flop to change state, both A and B must be set. 
The C flip-flop will change state at the first count pulse occurring 
after A and B are high. 





The D flip-flop is controlled by the A, B, and C flip-flops. The A, B, 
and C signals are ANDed in gate 2 and the output of gate 2 used to 
control the JK inputs. 


With the circuit arrangement shown in Figure 7-8, the counting se- 
quence is identical to that given in the Table of Figure 7-2. The 
waveforms of Figure 7-3 are also applicable. In other words, this circuit 
is still a binary counter but its mode of operation is somewhat different. 


The benefit of this binary counter can be best seen by analyzing the 
state changes in the flip-flop. Assume that the counter contains the 
number 0111. This means that the A, B, and C flip-flops are set. The 
JK inputs to the B, C, and D flip-flops are enabled. This means that 
upon the occurrence of the next count input pulse, all flip-flops will 
toggle. When this pulse occurs, flip-flops A, B, and C will reset. The 
D flip-flop will be set. The new number in the counter will be 1000. 
The important point to note here is that all flip-flops change state simul- 
taneously. The maximum delay between the occurrence of the count 
input pulse and the change of state of the outputs is only as long as 
the longest propagation time of the flip-flops in the circuit. All flip-flops 
of the same type will have approximately the same propagation delay. 





Considering this same state change in the binary ripple counter, we 
can illustrate the effect of the accumulative propagation delay. With 
the number 0111 stored in the ripple counter of Figure 7-1, the out- 
put states will change as follows when an input count pulse is ap- 
plied. The A flip-flop will change state first. As it does it will toggle 
the B flip-flop. The B flip-flop must then change state and it in turn 
will then toggle the C flip-flop. The C flip-flop will change state a 
short time later and it in turn will set the D flip-flop. Because of the 
finite propagation delay of each flip-flop the effect of an input count 
pulse does indeed ripple through the counter and it takes a specific 
amount of time for the correct binary number to appear in the 
counter. 
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In summary then we can say that the advantages of the synchronous 
counter over the ripple or asynchronous counter are as follows: 





1. The synchronous counter is much faster. For the same type of flip- 
flop, the counting speed of the synchronous counter is signific- 
antly higher than that of the ripple counter. 


2. _ All flip-flops in the synchronous counter change states at the same 
time. As the counter changes from one state to the next, there are 
no ambiguous states that occur because of the accumulative propa- 
gation delays. 


Like the ripple counter, the synchronous counter can also be expanded 
to as many bits as required by the application. Each flip-flop in the 
counter must be controlled by all previous flip-flops in the counter 
through an AND gate as indicated. The higher order flip-flops will re- 
quire AND gates with as many inputs as there are previous flip-flops. 
Keep in mind that the propagation delays of these gates while small will 
also have a minor effect on the counting speed of the circuit. Generally, 
the propagation delay of a gate is significantly lower than that of a flip- 
flop. This technique can also be extended to down counters as well. 





Counter Control Functions. There are several common control functions 
that are often associated with the use of binary counters. These are reset 
and preset. Resetting a counter is a process of putting all of the flip-flops 
in the binary 0 state. In many counter applications it is necessary to clear, 
reset or zero the counter prior to the start of a counting operation. This 
process ensures that the counter starts its count sequence with no prior 
counts stored in the flip-flops. It ensures an accurate count of the input. 


Resetting a counter is easily accomplished when JK flip-flops are used. 
The asynchronous clear input on the flip-flops as you recall are normally 
used to put the flip-flop into its binary 0 state. By bringing the clear input 
low, the flip-flop is reset. By connecting all of the asynchronous clear in- 
puts together, all of the flip-flops will be reset to binary 0 simultaneously 
when a reset pulse is applied. Figure 7-9 shows a binary up-counter with 
all of the asynchronous clear inputs connected together. In order for the 
counter to perform normally, the reset line will rest in a high or binary 
1 state. To reset the counter we momentarily bring this line to a binary 
0. For typical TTL JK flip-flops, a pulse whose duration is 100 
nanoseconds or more can be used to reset the counter. 
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PRESET INPUTS 





PRESET 





Figure 7-9 
A binary counter with 
reset and preset inputs. 


Presetting a counter is a process of loading some binary number into 
the counter prior to the count sequence. It is sometimes desirable to 
program a counter to start counting at a particular point. The point 
at which the counter is to start is determined and then loaded into 
the counter prior to the start of the count operations. 


A counter can be preset by using the asynchronous set input when 
JK flip-flops are used. When this input on a JK flip-flop is made bi- 
nary 0, the flip-flop is set. By first clearing the counter and then set- 
ting the desired flip-flops, any binary number can be preset into the 
counter. The circuit shown in Figure 7-9 can be used for this pur- 
pose. In order to preset the counter to a given number, the counter 
is first reset by applying a binary O to the reset input line. Next, the 
desired binary number is applied to the preset inputs. There is one 
input for each of the flip-flops in the counter. A parallel binary 
number from any source can be used. When the preset input line is 
made high, the outputs of the gates to which the parallel input 
number are applied will cause the asynchronous set lines on the JK 
flip-flops to assume the correct states to preset the number into the 
counter. For example, assume that we wish to preset the number 5 
into the counter. To do this we would apply the binary number 0101 
to the counter as indicated. The counter is then reset, and the preset 
line is brought high momentarily. The parallel inputs that are binary 
0 are applied to gates 2 and 4. These binary 0 inputs hold the outputs 
of gates 2 and 4 high regardless of the state of the preset input. This 
keeps the set inputs to the B and D flip-flops high. With these inputs 
high the flip-flops are not affected. The binary 1 states of the desired 
input number are applied to gates 1 and 3. When the preset input 
goes high, the outputs of gates 1 and 3 will go low. This will cause 
flip-flops A and C to become set. The number 0101 is then stored in 
the counter. 
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The method of presetting a counter shown in Figure 7-9 is somewhat 
awkward in that it requires two operations. First the counter must be 
reset and then the desired preset number is loaded. It is desirable to 
have the preset operation take place with a single operation. This can 
be accomplished by the circuits shown in Figure 7-10. Only one JK 
flip-flop is shown to simplify the discussion. One of these circuit ar- 
rangements would be used on each flip-flop in a counter if presetting 
were desired. In Figure 7-10A, gates 1 and 2 are connected to the 
asynchronous set and clear inputs of the JK flip-flop. The desired 
parallel input (IN) is applied to gate 1. A preset line is tied to both 
gates 1 and 2. To the input line is applied a binary 0 or binary 1 state 
which will specify the state of the flip-flop after the preset input is 
enabled. When the preset input goes high, the JK flip-flop is preset 
to the desired state. For example, assume that the input is binary 1. 
When the preset line goes high, the output of gate 1 will go low. This 
will cause the set(S) input of the JK flip-flop to go low thereby setting 
the flip-flop. The low on the output of gate 1 will cause the output 
of gate 2 to remain high. This has no effect on the C input. A low 
input to gate 1 will reset the flip-flop. With a low input the output 
of gate 1 will be high. This high output does not affect the S input 
to the JK flip-flop. It does however enable gate 2. When the preset 
line goes high, the output of gate 2 will go low. This causes the JK 
flip-flop to be put in a binary 0 state. The preset operation takes place 
with only the single operation of applying the preset input pulse. 
Note that since the asynchronous inputs are used, the presetting oper- 
ation will over-ride all other flip-flop operations. 








Figure 7-10 
Methods of presetting a counter 
(A) preset only (B) preset with reset. 
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Sometimes it is desirable to combine both the reset and preset functions 
in a counter. This can be accomplished with the circuit shown in Figure 
7-10B. Here gates 1 and 2 perform the same basic operation as they do 
in the circuit of Figure 7-10A. They are used to preset the flip-flops to 
the desired state. Gate 3 and inverter 4 provide an ORing function to per- 
mit the reset function to be incorporated. If the reset input line is brought 
low, the output of gate 3 will go high and the output of inverter 4 will 
go low. This will reset the flip-flop. This occurs regardless of the condi- 
tions of the preset inputs. 





To preset the flip-flop, the desired binary state is applied to the input line 
on gate 1. When the preset line is brought high, the flip-flop will be put 
into the states specified by the input. The operation is identical to the 
circuit in Figure 7-10A. The important point to note about this circuit is 
that the reset and preset operations are independent of one another. It is 
not necessary to reset the flip-flop prior to presetting it as was the case 
in the circuit of Figure 7-9. 


An important point to remember is that these circuits for resetting and 
presetting flip-flops can be applied to any type of counter: synchronous, 
asynchronous, up-counter, down-counter, binary, or BCD counter. - 





Typical Integrated Circuit Counters 


While it is still sometimes necessary and desirable to implement coun- 
ters with individual IC JK flip-flops, most counter applications can be 
met with a variety of available MSI integrated circuit counters. All of the 
most often used binary counters have been implemented in integrated 
circuit form thereby eliminating the necessity for designing such coun- 
ters for each application. A variety of counter types and specifications 
are available. In designing digital equipment, it is desirable to first inves- 
tigate the types of MSI IC counters available. In most cases you will find 
one suitable for your application. Only in rare cases where an unusual 
or peculiar type of counter for unique applications is required will it be 
necessary for you to design a special counter. However, for such applica- 
‘ions, versatile integrated circuit JK flip-flops are available. 


In this section we are going to consider one of the most popular and 
widely used integrated circuit binary counters available. 
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Figure 7-11 shows the logic diagram of the 74193 TTL MSI IC 
counter. This is a four bit synchronous counter that can be used for 
either up or down counting. It also has separate clear or reset inputs 
as well as the ability to be preset from some external four bit parallel 
source. In other words, this particular device incorporates all of the 
features we have considered in a binary counter up to this point. 
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Figure 7-11 
Type 74193 TTL MSI binary counter. 
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As shown in the diagram in Figure 7-11, the counter consists of four JK 
flip-flops. Gates 1 through 12 make up the logic circuitry used in the reset 
and preset operations. This circuitry is similar to the reset and preset cir- 
cuit operations discussed previously. To reset this counter, you apply a 
high or binary 1 level to the clear input line. This forces all four flip-flops 
into the binary 0 state. The clear operation is asynchronous and overrides 
all other counter functions. 





The counter can be preset by applying a parallel 4-bit binary number to 
the data inputs. Data input A is the LSB. When the load input is brought 
low, the 4-bit input number will be loaded into the flip-flops. This preset 
function is also asynchronous and will override any synchronous count- 
ing functions that occur. 


The input pulses to be counted are applied to either the up-count input 
or the down-count inputs. Instead of having a single count input and an 
up/down control line as described in the previous discussion of up/down 
counters, this IC counter uses two separate inputs. To increment the 
counter, pulses are applied to the up-count input. To decrement the 
counter, pulses are applied to the down-count input. The counter 
changes state on the leading edge of the applied input pulse. In other 
words, it is the binary 0-to-binary 1 transition at the count input that 
causes the counter to change state. In order for the counter to operate 
properly, the unused count input must be in the high or binary 1 state 
while count pulses are applied to the other input. The up and down 
count sequences are identical to those considered previously. 





Synchronous operation is used in this counter by having the input count 
pulses clock all flip-flops simultaneously so that all outputs change coin- 
cidentally with one another. Instead of controlling each flip-flop by use 
of the JK inputs as in the previously discussed synchronous counter, 
gates are used ahead of the T inputs to the flip-flops for this purpose. The 
outputs of the flip-flops control the states of the gates ahead of the T in- 
puts to permit the count pulse to be applied at the appropriate time. Gates 
16, 17, and 18 are used to control the application of the up count pulses 
to the T inputs. The up count input is applied to these gates simultane- 
ously. Note that the outputs of the previous flip-flops are connected to 
the inputs of these gates in order to control when the count pulse is al- 
lowed to toggle the flip-flop. Gate 13, 14, and 15 perform the same func- 
tion for the down-count operation. Gates 19, 20, 21, and 22 are simply 
OR gates that permit either the up or down count pulses to appear at the 
flip-flop T inputs. 





1-22 | UNIT SEVEN 


This counter has both carry and borrow output gates which are used 
for cascading these counters. When it is necessary to use a counter 
with more than 16 states, several of these ICs can be cascaded to pro- 
vide counters whose lengths are some multiple of 4. 





The carry output is developed by gate 23. This NAND gate monitors 
the normal outputs of the flip-flops. When all of the normal outputs 
are binary 1 and the up-count pulse occurs, the carry output line will 
go low. The duration of the carry output pulse is equal to the dura- 
tion of the count input pulse. This pulse indicates that the counter 
is in its maximum count state (1111) and that the next count input 
pulse will cause it to recycle to 0000. This carry output pulse is con- 
nected to the count up input of the next counter in sequence when 
counters are cascaded. 


The borrow output is produced by gate 24. This gate monitors the 
complement outputs of the four flip-flops. The down count input is 
also applied to gate 24. When the counter has been decremented to 
the 0000 state and with the down count input high, the output of gate 
24 will go low. This indicates the counter is in its lowest count state 
(0000) and that upon application of the next count input pulse it will 
recycle to 1111. To cascade 74193 counters for down counting appli- 
cations, the borrow output is connected to the down count input of 
the next counter in series. 





As you can see, this device is a very flexible counting unit. It can 
perform nearly any of the required basic counting functions often en- 
countered in digital work. Figure 7-12 illustrates the operation of this 
counter. The waveforms for the clear, preset, count up, and count down 
operations are shown. 
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Figure 7-12 
Typical clear, load, and 
count sequences for the 74193 counter. 
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Self Test Review 


1. In a binary counter using JK flip-flops, the counter state will 
change when the T input changes from 
a. high to low 
b. low to high 
c. both a. and b. 


2. A four bit binary counter contains the number 0100. Nine input 
pulses occur. The new counter state is: 
a. 0010 
b. 1001 
c. 1011 
d. 1101 


3. A four bit binary counter contains the number 1010. Seven input 
pulses are applied. The new counter state is: 
a. 0001 
b. 0101 
c. 1100 
d. 1111 


4. A binary counter constructed with two 74193 ICs has a maximum 
count capability of 
a. 15 
b. 16 
C. 259 
d. 256 


5. A binary counter made up of 5 JK flip-flops will divide an input 
frequency by 
a. 5 
b. 8 
c. 16 
d. 32 


6. Input pulses applied to a down counter cause it to be 








7. Clearing a counter to zero is known as 
8. Setting a counter to a desired state is called 
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9. A four bit down counter is in the 0110 state. Fourteen input 
pulses occur. What is the new output state? 
a. 0110 
b. 0100 
c. 1000 
d. 1110 


10. The borrow output on the 74LS193 counter detects the counter 
state 





11. An asynchronous counter is faster than a synchronous counter 
assuming the same flip-flops are used to implement both. 
a. True. 
b. False. 


12. The state of a binary counter is determined by monitoring the 
outputs of the flip-flops. 


13. The state of the input or first flip-flop in a counter represents the 
of the number stored in the counter. 
14. Synchronous operation of the flip-flops in the 74LS193 counter 
is obtained by controlling the 
a. JK inputs 
b. T inputs 
c. direct set and clear inputs. 


15. In the 74LS193 IC counter, the counter is incremented or de- 
cremented by the 
a. leading edge 
b. trailing edge 
of the input pulse. The counter is reset by a 
c. binary 0 
d. binary 1 
on pin 14. The counter is preset by a 
e. binary 0 
f. binary 1 
on pin 11. 








Sequential Logic Circuits: Counters, Shift Registers and Clocks | 1-25 


Answers 





pad 


. a. high to low (1 to 0) 
2. d. 1101 (4 + 9 = 13) 


3. a. 0001 (10 + 7 = 17) The maximum count capability of a 
4 bit counter is 15. With 10 in the counter initially, it will 
reach maximum counter (1111) after the fifth input is ap- 
plied. The sixth input pulse will recycle the counter to 
0000. The seventh input pulse will put the counter into 
the 0001 state. 

4. c. 255. Each 74LS193 has four flip-flops. 

2 — 1 = 256 — 1 = 255 


5. d. 32 2” = 2°” = 32 

6. decremented 

7. resetting 

8. presetting 

9. c. 1000 The first six input pulses, decrement the counter to 


0000. The seventh pulse recycles the counter to 1111. The 
next seven pulses decrement the counter to 1000. 
10. 0000 
11. b. False. Synchronous counters are always faster than asyn- 
chronous counters. 
12. normal 
13. LSB 
14. b. T inputs. Gates ahead of the T input controlled by the 
flip-flop states determine when the flip-flops toggle. 
15. a. leading edge (0 to 1 transition) 
d. binary 1 
e. binary 0 
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BCD COUNTERS 





A BCD counter is a sequential circuit that counts by tens. The BCD 
counter has ten discrete states which represent the decimal numbers 0 
through 9. Because of its ten state nature, a BCD counter is also some- 
times referred to as a decade counter. 


The most commonly used BCD counter counts in the standard 8421 bi- 






nary code. The table in Figure 7-13 shows the count sequence. Note that 
0o;o}o}1 a four bit number is required to represent the ten states 0 through 9. These 
; s r : ten four bit codes are the first ten of the standard pure binary code. As 
0111)010 jrecycie count pulses are applied to the binary counter, the counter will be incre- 
s i ' ; mented as indicated in the table. Upon the application of a tenth input 
0 l ! pulse, the counter will recycle from the 1001 (9) state to the 0000 state. 
l 
ıļoļoļı 





An asynchronous 8421 BCD counter constructed with JK flip-flops is 


Figure 7-13 shown in Figure 7-14. This counter will generate the BCD code given in 
Count sequence of the Table of Figure 7-13. Note that the counter consists of four flip-flops 
8421 BCD counter. like the four bit pure binary counter discussed earlier. The output of one 


flip-flop drives the T input to the next in sequence, thereby, making this 
BCD counter a ripple or asynchronous type. Unlike the binary counter 
discussed earlier, however, this circuit has several modifications which 
permits it to count in the standard 8421 BCD sequence. The differences 
consist of a feedback path from the complement output of the D flip-flop 
back to the J input of the B flip-flop. Also a two input AND gate monitors 
the output states of flip-flops B and C and generates a control signal that 
is used to operate the J input to the D flip-flop. These circuit modifica- 
tions in effect trick the standard four bit counter and cause it to recycle 
every ten input pulses. 








BINARY 1 BINARY 1 BINARY 2 


Figure 7-14 
An asychronous 8421 BCD counter. 
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The waveforms shown in Figure 7-15 illustrate the operation of the 8421 
BCD counter. The count sequence is identical to that of the standard four 
bit pure binary counter discussed earlier for the first 8 input pulses. The 
operations that occur during the 9th and 10th pulses are unique to the 
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Figure 7-15 
Waveforms of the 8421 BCD counter. 


Assume that the counter in Figure 7-14 is initially reset. The outputs of 
flip-flops B and C will be binary 0 at this time. This makes the output 
of the AND gate low and causes the J input of the D flip-flop to be held 
low. The D flip-flop cannot be set by the toggle input from the A flip-flop 
until the J input goes high. Note also that the complement output of the 
D flip-flop which is binary 1 during the reset state is applied to the J input 
of the B flip-flop. This enables the B flip-flop permitting it to toggle when 
the A flip-flop changes state. 





If count pulses are now applied, the states of the flip-flops will change 
as indicated in Figure 7-15. The count ripples through the first three 
flip-flops in sequence as in the standard 4 bit binary counter considered 
earlier. However, consider the action of the counter upon the applica- 
tion of the 8th input pulse. With flip-flops A, B, and C set and D reset, 
the B and C outputs are high thereby enabling the AND gate and the 
J input to the D flip-flop. This means that upon the application of the 
next count input that all flip-flops will change state. The A, B, and 
C flip-flops will be reset while the D flip-flop is set. The counter state 
changes from 0111 to 1000 when the trailing edge of the 8th input 
pulse occurs. 





7-28 | UNIT SEVEN 


In this new state, the B and C outputs are low therefore causing the J input 
to the D flip-flop to again be binary 0. With the J input 0 and the K input 
binary 1 and the D flip-flop set, the conditions are right for this flip-flop 
to be reset when the T input switches from binary 1 to binary 0. In addi- 
tion, the complement output of the D flip-flop is low at this time thereby 
keeping the J input to the B flip-flop low. The B flip-flop is reset at this 
time and therefore the occurrence of a clock pulse at the T input will not 
affect the B flip-flop. 





When the 9th input pulse occurs, the A flip-flop sets. No other state 
changes occur at this time. The binary number in the counter is now 
1001. The transition of the A flip-flop switching from binary 0 to binary 
1 is ignored by the T input of the D flip-flop. 


When the 10th input pulse occurs, the A flip-flop will toggle and reset. 
The B flip-flop will not be affected at this time since its J input is low. 
No state change occurs in the C flip-flop since the B flip-flop remains 
reset. The changing of the state of the A flip-flop however, does cause the 
D flip-flop to reset. With its J input binary 0 and K input binary 1, this 
flip-flop will reset when the A flip-flop changes state. This 10th input 
pulse therefore causes all flip-flops to become reset. As you can see by 
the waveforms in Figure 7-15, the counter recycles from the 1001 (9) state 
to the 0000 state on the 10th input pulse. 





Numerous variations of the basic BCD counter in Figure 7-14 are possi- 
ble. Using the same basic count modifying techniques, a synchronous 
BCD counter can be constructed. All of the flip-flops are toggled simul- 
taneously by the common count input. As in the binary counter, the 
counting speed of the BCD counter can be significantly increased by this 
synchronous technique. In addition, it is also possible to construct a BCD 
down counter. Each time an input pulse is applied, the BCD counter is 
decremented. The count sequence is from 9 through 0. 


Cascading BCD Counters. A single BCD counter has a maximum of ten 
discrete states and therefore can only represent the number 0 through 9. 
When the counter must count more than ten pulses, several BCD coun- 
ters must be cascaded. Each BCD counter in the counting chain will rep- 
resent one decimal digit. The number of BCD counters used determines 
the maximum count capabilities. 
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Figure 7-16 shows a counter chain with four BCD counters. Each BCD 
counter is represented by a single block to simplify the drawing. The 
count input line and the four flip-flop output lines are designated for 
each counter. In each case, the A output is the least significant bit and 
the D output is the most significant bit of that counter. The input BCD 
counter contains the least significant digit of the count contained in the 
counter. The most significant digit is represented by the counter on the 
far right. Since this counter contains four BCD counters, the maximum 
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Figure 7-16 
Cascading BCD counters to 
increase count capability. 





As count input pulses are applied to BCD counter number 1, it will be 
incremented as indicated previously. The output states will change in ac- 
cordance with the 8421 BCD code. Note that the most significant bit out- 
put (D) of this first counter is connected to the count input of the second 


BCD counter. Each time the input counter counts ten pulses and recycles, 
it will trigger the next counter in sequence. By referring back to the 
waveforms in Figure 7-15, you can see that the trailing edge of the D out- 
put occurs on the trailing edge of the 10th input pulse. As this 10th input 
pulse occurs, the input counter recycles to 0 and the trailing edge incre- 
ments the next counter in sequence to 1. The remaining counters in the 
chain are connected in the same way. As you can see then the counter 
does perform a decimal counting function with each BCD counter repre- 
senting one of the decimal digits. The decimal contents of the counter 
can be determined by observing the flip-flop outputs. In Figure 7-16, the 
counter contains the decimal number 2615. This means that 2615 pulses 
have occurred at the input assuming the counter was initially reset. 
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The BCD Counter as a Frequency Divider. Like any counter, the BCD 
counter can also be used as a frequency divider. Since the BCD 
counter has ten discrete states, it will divide the input frequency by 
ten. The output of the most significant bit flip-flop in the BCD 
counter will be one tenth of the input frequency. From Figure 7-15, 
you can see that only a single output pulse occurs at the D output 
for every ten input pulses. While the D output does not have a 50 
percent duty cycle, the frequency of the signal is nevertheless one 
tenth of the input frequency. 





By cascading BCD counters, the input frequency can be reduced by 
any desired factor of ten. For example, in the counter of Figure 7-16, 
the output of the 4th BCD counter will be Yoovoth of the input fre- 
quency. The output of the third counter will be Yioooth of the input 
frequency. The output of the second, of course, will be Yiooth of the 
input frequency. If an input signal of 2 MHz is applied to the counter 
in Figure 7-16, the D output of the MSD counter will be 200 Hz. 
When used as a frequency divider, the BCD counter is often referred 
to as a decade scaler. 


Typical Integrated Circuit BCD Counter. The most widely used inte- 
grated circuit BCD counter is the type 74LS90A. This TTL MSI 
counter is an asynchronous or ripple counter that counts in the stan- 
dard 8421 BCD code. The logic diagram of this counter is shown in 
Figure 7-17. Logically, it is identical to the BCD counter discussed 
earlier. The counter is made up of four JK flip-flops and the as- 
sociated gating to permit the 8421 BCD sequence. 





Figure 7-17 
Logic diagram of 74LS90A BCD counter. 
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A look at the logic diagram of the 74LS90A counter in Figure 7-17 
shows that the A flip-flop is not internally connected to the other 
three flip-flops. In order to produce an 8421 BCD count, the A output 
must be connected to the B input. This must be done externally. The 
input pulses to be counted then are applied to input A. 





Gate 1 in Figure 7-17 is used to reset the flip-flop. When both inputs 
to gate 1 are high, all four flip-flops in the counter will be put in the 
binary 0 state. This permits two or more inputs to control the reset- 
ting of the flip-flop. Normally, only one input will be necessary and 
therefore both of the reset inputs can be simply tied together. 


Gate 2 in the 74LS90A counter is used to preset the counter to the 
‘binary state 1001 or 9. When both inputs to gate 2 are high, a 9 will 
be preset into the counter. This particular function is useful in appli- 
cations requiring arithmetic operations to be performed with BCD 
counters. 


Despite the fact that the 74LS90A counter is an asynchronous 
counter, its maximum count frequency is approximately 32 MHz. 
This TTL MSI counter comes in a 14 pin DIP and is widely used in 
scaling and counting applications. T 
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Self Test Review 





16. A BCD counter can assume ______————_ discrete states. 


17. A BCD counter is in the 0111 state. How many input pulses were 
applied to it after it was reset? 
a. 3 
b. 6 
C. 7 
d. 12 


18. A BCD counter divides its input signal frequency by 


19. A 74LS90A IC is preset to 1001. Six count pulses are then ap- 
plied. What is the counter state? 
a. 0000 
b. 0101 
c. 0110 
d. 1001 


20. The BCD counter in Figure 7-16 has the following outputs. 

(1.) 1001 (2.) 0010 (3.) 1000 (4.) 0101 

How many input pulses does this represent? —— ~~ _ 
21. If a 5 MHz signal was applied to the BCD counter of Figure 7-16, 

the output of counter 3 would be: 

a. 500 Hz 

b. 5 kHz 

c. 50 kHz 

d. 500 kHz 


22. When used as a frequency divider, the BCD counter is referred 
to as a 





23. A chain of 6 decade counters has a maximum count capacity of 


24. A BCD counter is cascaded with a 3 flip-flop binary ripple 
counter. The overall frequency division ratio is: 
a. 20 
b. 30 
c. 60 
d. 80 
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Answers 





16. 10 

17. c. 7 

18. 10 

19. b. 0101 The first input pulse recycles the counter from 1001 to 
0000. The next five pulses increment it to 0101. 

20. 5829 (counter 4 is the MSD.) 

21. b. 5 kHz Each counter divides by 10. The third counter in the 


chain has an output that is 10° lower than the input of 5 MHz 
or + 1000 = kHz. 

22. decade scaler. 

23. 999999 

24. d. 80 The BCD counter divides by ten. The 3 flip-flop binary rip- 


ple counter divides by 2° = 8. The total division is the prod- 
uct of the two dividers or 8 X 10 = 80. 
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SPECIAL COUNTERS 





Binary and BCD counters are by far the most commonly used counters 
in digital systems. Most counting applications can be implemented with 
MSI binary and BCD counters. However, there are some applications 
where a special counter may be required. It may be necessary to count 
in a peculiar sequence or to have the counter sequence through the states 
of some special code. In other applications it may be desirable to divide 
or scale an input frequency by some value other than even powers of two 
or ten. Special counters can be constructed to perform all of these appli- 
cations. Some typical examples are a counter that counts in the Gray code 
or a frequency divider that divides the input by seven. 


Because of the flexibility of the JK flip-flop, such special counters are rel- 
atively easy to implement. The basic approach is to construct a standard 
binary counter and then by using feedback and input gating controls on 
the JK inputs a counter can be developed to count in any sequence with 
as many individual states as desired. 


We refer to the number of discrete states that a counter can assume as the 
modulus of that counter. A modulo N counter is one that has N states. 
A BCD or decade counter is a modulo 10 counter since it can assume one 
of ten discrete binary states. The binary counters that we discussed ear- 
lier are modulo N counters where N is some power of two. A counter con- 
taining four flip-flops is a modulo 16 counter. As you have seen it is easy 
to construct a binary counter whose modulo is some power of two. BCD 
counters with a modulo of 10 are also easily assembled. However, there 
are other applications that require counters with modulos of other in- 
teger values. 





Modulo 3 Counter. A modulo three counter is shown in Figure 7-18. 
Since the T inputs to both JK flip-flops are connected to the count input, 
the circuit is synchronous. The feedback line from the B output back to 
the J input of the A flip-flop causes the circuit to count by three. 








INPUT [BINARY 1 BINARY 1 


Figure 7-18 
A modulo 3 counter 
and its count sequence. 
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To determine the operation of the counter assume that both flip-flops are 
initially in the reset state. The A and B outputs are binary 0. The low out- 
put of flip-flop A holds the J input to flip-flop B low. When the trailing 
edge of the first input pulse occurs, flip-flop A will set. The B output is 
holding the J input to A flip-flop high thereby enabling it to be set when 
the proper T input pulse occurs. When the first input pulse occurs, A is 
set. The B flip-flop is not affected. With the A output high, the J input 
to the B flip-flop is now high thereby permitting that flip-flop to toggle 
upon application of the next input pulse. The B output of the B flip-flop 
is still high thereby continuing to enable the J input of the A flip-flop. 





When the trailing edge of the second input pulse occurs, the A flip-flop 
will again toggle. This time it will reset. At the same time the B flip-flop 
will set. The J input to the B flip-flop is now low while the J input to the 
A flip-flop is also low. When the next clock pulse occurs, the B flip-flop 
will reset. The A flip-flop having been previously reset simply remains 
reset. On the application of the trailing edge of the third input pulse, the 
counter state cycles back to its original reset condition. If further input 
pulses are applied, the counter will simply repeat the cycle just de- 
scribed. The count sequence for the modulo three counter is shown in 
Figure 7-18. The waveforms showing the operation of the modulo three 
counter are illustrated in Figure 7-19. Trace through the operation of the 
circuit using these waveforms as a guide to be sure you fully understand 
how the circuit operates. This circuit can be used for simple counting ap- 
plications requiring a three state counter. The circuit can also be used as 
a divide by 3 scaler. The output of either the A or B flip-flops has a fre- 
quency that is one third of the count input frequency. A single output 


pulse occurs for every three input pulses as indicated by the waveforms 
in Figure 7-19. 
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Figure 7-19 
Waveforms for the modulo 3 counter. 
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MODULO 6 









INPUT 


MODULO 12 


Figure 7-20 
Forming modulo 6 and modulo 12 counters 
using a modulo 3 circuit as a base. 


By cascading a modulo three counter with additional JK flip-flops, 
modulo six and modulo twelve counters are easily formed. This is 
shown in Figure 7-20. By connecting a JK flip-flop to the output of 
the modulo three counter, a modulo six counter is formed. The mod- 
ulo three will cycle through its three states twice, once with the JK 
flip-flop C reset and again with the JK flip-flop C set. This produces 
a total of six discrete states as indicated in the table shown in Figure 
7-21A. If you will look closely at the sequence of the states you will 
find that this does not correspond to the standard binary code. Since 
the code produced is not the pure binary code or the BCD anes, it 
is referred to as an unweighted code. 
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COUNT SEQUENCE FOR 
MODULO 12 COUNTER 


Figure 7-21 
Count sequence for a (A) modulo 
6 counter and a (B) modulo 12 counter. 


By adding another JK flip-flop (flip-flop D) as shown in Figure 7-20, 
a modulo 12 counter is formed. Here the modulo 6 counter cycles 
through its six states two times, once while the D flip-flop is reset 
and again while it is set. This produces the 12 discrete states shown 
in Figure 7-21B. The counter shown in Figure 7-20 can be used to 
perform frequency division by three, six, or twelve. 
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Counters with a modulo 6 and a modulo 12 can also be formed by putting 
the JK flip-flops ahead of the modulo three counter instead of after it. The 
counter thus formed still has six or twelve states respectively. However, 
the binary code produced by this arrangement is different from that ob- 
tained by the connection shown in Figure 7-20. When using this arrange- 
ment in frequency divider applications, it generally doesn’t matter 
which connection is used as the output frequency will always be either 
Yth or Yzth of the input frequency. Where the specific code sequence 
is critical however, these two arrangements should be carefully consid- 
ered. It should be pointed out that the counter shown in Figure 7-20 pro- 
duces a 50 percent duty cycle when the C and D outputs are used. By put- 
ting the modulo 3 counter after the cascaded JK flip-flops, a duty cycle 
other than 50 percent will be produced. 





Modulo 5 Counter. A modulo five counter is shown in Figure 7-22. The 
counter produces five distinct three bit states. Synchronous operation is 
obtained by applying the count input to the T input of all three JK flip- 
flops. A combination of feedback and external logic gates are used to 
cause the counter to count by five. 
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Figure 7-22 


Modulo 5 counter and its count sequence. 





COUNT 
SEQUENCE 





The count sequence for this circuit is shown in Figure 7-22. Note that the 


count sequence simply recycles for the application of each five input 
pulses. 
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Figure 7-23 


Waveforms for the modulo 5 counter. 


The input and output waveforms of the modulo five counter are illus- 
trated in Figure 7-23. Compare the output states of these waveforms 
for each of the flip-flops to the count sequence table in Figure 7-22. 


The detailed operation of this counter is not included here. lt will be 
excellent practice for you to reason out the count sequence of this cir- 
cuit yourself. Remembering the operation of the JK flip-flop and using 
the count sequence table and the waveforms in Figure 7-23, trace the 
operation of the counter for all five states until it recycles. As a start- 
ing point, assume that all three flip-flops are initially reset. 





If you will refer back to Figure 7-17 showing the diagram of the type 
74LS90A decade counter you will see that flip-flops B, C, and D in 
this circuit form a modulo 5 counter by themselves. As indicated ear- 
lier a separate input is used for this circuit. Normally, it is tied to 
the output of the A flip-flop to produce BCD counting. However, the 
modulo 5 section of this counter can be used independently by sim- 


ply applying the count input to the B terminal. The A flip-flop is not 
used. 





Sequential Logic Circuits: Counters, Shift Registers and Clocks | 1-39 


Modulo N Counters with MSI. While JK flip-flops can be intercon- 
nected by the use of feedback and external logic gates to form a 
counter with any desired modulo, the availability of MSI integrated 
circuit counters greatly simplifies the construction of modulo N coun- 
ters. The type 74LS193 TTL MSI synchronous up/down counter dis- 
cussed earlier is an excellent choice for implementing modulo N 
counters. 
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Figure 7-24 
_A type 74LS193 TTL MSI 
Counter used as a modulo N counter. 
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Figure 7-24 shows the type 74LS193 TTL MSI counter connected as 
a modulo N counter. The counter is connected to count down. For 
frequency divider applications, it does not matter whether the 
counter counts up or down. The up count input is held to a binary 
1 while the input pulses are applied to the down count input. The 
borrow output line which essentially detects the 0000 state is con- 
nected back to the load input line of the counter. To the four parallel 
data input lines is connected a binary word that will determine the 
modulus of the counter. The modulus of the counter is equal to the 
binary equivalent of the decimal number applied to the data inputs. 
This is indicated by the table in Figure 7-25. For example to obtain 








O ONGOY AU M =— 






— rt ro — os ot CO CO CO CO OC © 
— = — ~~ OOO OK — — — © CO O 
— — O O — = O O KH — O O = ~ © Iw 


. . Figure 7-25 
a modulo 7 counter, the binary number for the decimal number seven Parallel date input code 
(0111) is connected to the data inputs. and related decimal modulos. 


In operation, the counter is preset to the binary number applied to 
the data inputs. The counter is then decremented by the input pulses. 
It down counts in binary until the zero state is reached. At this time 
the borrow output line goes low and again presets the counter to the 
number applied to the data inputs. This sequence repeats as long as 
pulses are applied to the count input. 
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As soon as the borrow output line goes low, the binary number ap- 
plied to the data inputs will be immediately (asynchronously) loaded 
into the counter. Of course as soon as the new number is loaded into 
the counter, the borrow output will disappear since the counter state 
will no longer be 0000. What this means is that the duration of the 
borrow output pulse must be long enough in order to ensure that the 
data input is loaded before the zero output state disappears. In order 
to ensure that this condition happens, the input duration of the clock 
pulse must be greater than the total propagation delay of the gates in 
the counter associated with presetting the number on the data inputs. 
Recall from the previous discussion of the operation of the 74LS193 
counter that the borrow output is also derived from the down count 
input signal. 





Even though the borrow output pulse disappears as soon as the 
counter is preset to the data input states, the internal propagation de- 
lays of the circuit are such that all flip-flops become preset before the 
borrow output disappears. The load input signal must propagate 
through both the flip-flops and the gates in the circuit. Since the 
propagation delay through the various circuits in the counters vary 
from one device to the next, it is possible that erratic operation can 
occur if the propagation delays are too short. The reliability of the 
counter can therefore be improved by adding some propagation delay 
between the borrow output and the load input pins. This can be 
accomplished by cascading a number of inverters between these two 
pins on the circuit. Be sure to use an even number of inverters so 
the proper polarity binary signal will be applied. 
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Self Test Review 





25. Determine the output frequency of the circuit shown in Figure 7- 
26. What is the overall circuit modulo? 


OUTPUT 
f=? 





Figure 7-26 
Circuit for self test review question 25. 


26. What is the modulo of the circuit in Figure 7-27? 


Sketch the input and output waveforms and make a table of the 
count sequence. 





Figure 7-27 


Circuit for self test review question 26. 
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Answers 


25. 6 kHz modulo 420 (12 x 5 x 7) 
26. modulo 7 See Figure 7-28 


moor KHoola 


0 
l 
0 
l 
0 
l 
0 





Figure 7-28 
Waveforms and count sequence 
for modulo 7 counter in Figure 7-27. 


NOTE: Using 2-74LS76 JK flip-flop ICs and a 74LS00 IC, you can 
breadboard the modulo 7 counter in Figure 7-28 on the Ex- 
perimenter and verify its operation. 
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SHIFT REGISTERS 


Another widely used type of sequential logic circuit is the shift regis- 
ter. Like a counter, a shift register is made up of binary storage ele- 
ments. While flip-flops are the most commonly used storage element 
in shift registers, other types of circuits are also used. The storage ele- 
‘ments in a shift register are cascaded in such a way that the bits 
stored there can be moved or shifted from one element to another ad- 
jacent element. All of the storage registers are actuated simultane- 
ously by a single input clock or shift pulse. When a shift pulse is ap- 
plied, the data stored in the shift register is moved one position in 
one of two directions. The shift register is basically a storage medium 
where one or more binary words may be stored. However, because of 

the ability to move the data one bit at a time from one storage ele- 
ment to another makes the shift register valuable in performing a 
wide variety of logic operations. 
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Shift Register Operation 





The illustration in Figure 7-29 shows how a shift register operates. 
Here the shift register consists of four binary storage elements such 
as flip-flops. The binary number 1011 is currently stored in the shift 
register. Another binary word, 0110, is generated externally and is 
available to the shift register serially. As shift pulses are applied, the 
number stored in the register will be shifted out and lost while the 
external number will be shifted into the register and retained. 


A 011 oppfofifi CONDITION 

B 01 1foyifoqi)i SHIFT PULSE 

c o EPRI]: 1 SHIFT PULSE 

D oDDTot}o11 shirt birg 

E CEO: o1 1 sAiF PULSE 
Figure 7-29 


Operation of a shift register. 





The initial conditions for this shift register are illustrated in Figure 
7-29A. After one clock pulse, the number stored in the register initially 
is shifted one bit position to the right. The right most bit is shifted 
out and lost. At the same time, the first bit of the externally generated 
serial number is shifted into the left most position of the shift register. 
This is illustrated in Figure 7-29B. The remaining three illustrations 
in C, D, and E show the results after the application of additional shift 
pulses. After four shift pulses have occurred, the number originally 
stored in the register has been completely shifted out and lost. The 
serial number appearing at the input on the left has been shifted into 
the register and now resides there. 


This figure illustrates several important points about a shift register. 
First, it indicates that the basic shift register operations are serial in 
nature. That is, data is moved serially, a bit at a time, into and out 
of the register. Most shift register operations are serial operations but 
many circuits are provided with both parallel inputs and parallel out- 
puts. Such shift registers permit data to be preset in parallel and data 
to be read out in parallel. The ability to combine both serial and 
parallel operations makes the shift register an ideal circuit for per- 
forming serial to parallel and parallel to serial data conversions. 
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Another important point to note is that the data is shifted one bit 
position for each input clock or shift pulse. Clock pulses have full 
control over the shift register operation. In this shift register, the data 
was shifted to the right. However, in other shift registers it is also 
possible to shift data to the left. The direction of the shift is deter- 
mined by the application. Most shift registers are of the shift right 
type. 





The shift register is one of the most versatile of all sequential logic 
circuits. It is basically a storage element used for storing binary data. 
A single shift register made up of many storage elements can be used 
as a memory for storing many words of binary data. Such memories 


are referred to as serial memories since the data stored in them is en- 
tered and removed in serial form. 


Shift registers can also be used to perform arithmetic operations. 
Shifting the data stored in a shift register to the right or to the left 
a number of bit positions is equivalent to multiplying or dividing that 
number by a specific factor. As indicated earlier, the shift register is 
also widely used for serial to parallel and parallel to serial data con- 
versions. Shift registers can also be used for generating a sequence of 
control pulses for a logic circuit. And in some applications shift re- 
gisters can be used to perform counting and frequency dividing. 





In this section you are going to study the basic operation of a shift 
register. One of the most commonly used types of shift registers is the 
bipolar shift register, which is made up of flip-flops. These can be 
constructed with individual JK flip-flops or are available in a variety 
of configurations in MSI form. Another type of shift register is the 
MOS shift register. These registers made with MOSFETs are available 
in two basic types, static and dynamic. Static shift registers are made 
up of MOSFET flip-flops. Dynamic shift registers are made up of stor- 
age elements that take advanatge of the unique characteristics of 
MOSFETs, namely their high impedance and capacitive nature. Be- 
cause of the small size of the MOSFET structure, many storage ele- 
ments can be made on a single chip of silicon. Therefore, long shift 
registers capable of storing many words can be made very small and 
economical. Both types of shift registers are widely used in digital 
systems. 
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Bipolar Logic Shift Registers 





Shift registers constructed from bipolar logic circuits such as TTL and 
ECL circuits are usually implemented with JK flip-flops. Type D flip- 
flops can also be used, but shift registers implemented with JK flip- 
flops are far more versatile. A typical shift register constructed with 
JK flip-flops is shown in Figure 7-30. The serial input data and its 
complement are applied to the JK inputs of the input (A) flip-flop. 
From there the other flip-flops are cascaded with the outputs of one 
connected to the JK inputs of the next. Note that the clock (T) input 
lines to all flip-flops are connected together. The clock or shift pulses 
are applied to this line. Of course, since all flip-flops. are toggled 
simultaneously, the shift register is definitely a synchronous circuit. 
Note that the asynchronous clear inputs on each flip-flop have been 
connected together to form a reset line. Application of a low or bi- 
nary 0 level to this line causes the shift register to be reset. This shift 
register can also be preset by using any of the techniques described 
earlier for presetting binary counters. Data applied to the input will 
be shifted to the right through the flip-flops. Each clock or shift pulse. 
will cause the data at the input and that stored in the flip-flops to 
be shifted one bit position to the right. 





Figure 7-30 
Four bit shift register 
made with JK flip-flops. 


The waveforms in Figure 7-31 illustrate how a serial data word is 
loaded into the shift register of Figure 7-30. As the waveforms show, 
the binary number 0101 in serial form occurs in synchronization with 
the input clock or shift pulses. In observing the waveforms in Figure 
7-31, keep in mind that time moves from left to right. This means 
that the clock pulses on the right occur after those on the left. In the 
same way, the state of the serial input shown on the left occurs prior 
to the states to the right. With this in mind, let’s see how the circuit 
operates. 
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Figure 7-31 
Waveforms illustrating 
how the serial binary number 
0101 is loaded into a shift register. 


Note that the shift register is originally reset. The A, B, C, and D outputs 
of the flip-flops therefore are binary 0 as indicated in the waveforms. 
Prior to the application of the first shift pulse, the serial input state 
is binary 1. This represents the first bit of the binary word to be entered. 
On the trailing edge of the first clock pulse, the binary 1 will be loaded 
into the A flip-flop. The JK inputs of the A flip-flop are such that when 
the clock pulse occurs the flip-flop will become set. This first shift 
pulse is also applied to all other flip-flops. The state stored in the A 
flip-flop will be transferred to the B flip-flop. The states stored in the 
B and C flip-flops will be transferred to the C and D flip-flops respec- 
tively. Since all flip-flop states are initially zero, naturally no state 
changes in the B, C, or D flip-flops will take place when the first clock 
pulse occurs. 





After the first clock pulse the A flip-flop is set while the B, C, and 
D flip-flops are still reset. The first clock pulse also causes the serial 
input word to change. The clock or shift pulses are generally common 
to all other circuits in the system and therefore any serial data available 
in the system will generally be synchronized to the clock. 
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The input to the A flip-flop is now binary 0. When the trailing edge 
of the second clock pulse occurs, this binary 0 will be written into 
the A flip-flop. The A flip-flop which was set by the first clock pulse 
causes the JK inputs to the B flip-flop to be such that it will become 
set when the second clock pulse occurs. As you can see by the 
waveforms, when the second clock pulse occurs, the A flip-flop will 
reset while the B flip-flop will set. The 0 state previously stored in 
the B flip-flop will be transferred to the C flip-flop, and the C flip- 
flop state will be shifted to the D flip-flop. At this point the first two 
bits of the serial data word have been loaded into the shift register. 





The serial input is now binary 1 representing the third bit of the 
serial input word. When the third clock pulse occurs the A flip-flop 
will set. The zero previously stored in the A flip-flop will be trans- 
ferred to the B flip-flop. The binary 1 stored in the B flip-flop will 
now be shifted into the C flip-flop. The D flip-flop remains reset. 


The serial input to the A flip-flop is now binary 0. When the trailing 
edge of the fourth clock pulse occurs, the A flip-flop will reset. The 
binary 1 stored there previously will be transferred to the B flip-flop. 
The 0 stored in the B flip-flop will be shifted into the C flip-flop. The 
binary 1 in the C flip-flop now moves to the D flip-flop. As you can- 
see, after four clock pulses have occurred, the complete four bit bi- 
nary word 0101 is now shifted into the register as indicated by the 
states shown in the waveforms. A glance at the flip-flop output 
waveforms will show the initial binary 1 bit moving to the right with 
the occurrence of each shift pulse. 





While we have illustrated the operation of the shift register with only 
four bits, naturally as many flip-flops as needed can be cascaded to 
form longer shift registers. Most shift registers are made up to store 
a single binary word. In most modern digital systems, shift registers 
have a number of bits that is some multiple of four. 


While shift registers are readily implemented with JK or D type flip- 
flops, in most applications MSI shift registers are used. MSI shift reg- 
isters are available in four and eight bit sizes. Here we are going to 
discuss a typical four bit MSI TTL shift register. You will see how 
it can perform the basic shift right operation described previously 
and how it can be connected to shift left or be parallel loaded. 
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Figure 7-32 shows the logic diagram of a type 74LS95 TTL shift regis- 
ter. It is made up of four flip-flops with the appropriate gating on the 
JK inputs. A mode control input line controls this input gating. The 
mode control also operates the clock input selection circuitry. Two 


clock signals can be used depending upon the state of the mode con- 
trol. 


PARALLEL OUTPUTS 


SERIAL 
INPUT 





MODE 
CONTROL PARALLEL 
| DATA INPUTS 


Figure 7-32 
Logic diagram of 
74LS95 TTL MSI shift register. 


When the mode control input is a binary 0, gates 1, 4, 7, and 10 are 
enabled. This causes the shift register to be set up to perform the 
basic shift right operation. Serial input is applied to gate 1 and passes 
through gate 3 to the JK inputs of the flip-flop. The output of the A 
flip-flop is connected to the inputs of the B flip-flop through gates 
4 and 6. In the same way, the outputs of the B and C flip-flops are 
connected to the inputs of the C and D flip-flops respectively. Also 
notice that a binary 0 on the mode control input also enables gate 13. 
This permits clock pulse 1 to pass through gates 13 and 15 to control 
the flip-flops. In this mode, the shift register performs the standard 
shift right operation. 
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When the mode control is placed in the binary 1 state, gates 2, 5, 8, 
and 11 are enabled. With these gates enabled and gates 1, 4, 7, and 
10 inhibited, the parallel data inputs are recognized. Also note that 
a binary 1 on the mode control input also enables gate 14 so that 
clock pulse 2 can actuate the flip-flops. When a clock pulse occurs, 
an external 4-bit parallel word will be loaded into the flip-flops. In 
this mode, the shift register can be parallel loaded or preset to some 
desired value. 





Shift left operations can be performed with the mode control in the 
binary 1 position if the parallel data input lines are connected to the 
appropriate flip-flop outputs. To perform a left shift, the D flip-flop 
output is connected to the C data input, the C output is connected 
to the B data input, and the B flip-flop output is connected to the 
A data input. The D data input is used as the serial input line for 
external data. When clock pulses are applied to gate 14, data will be 
shifted left from D to C, C to B, and B to A. External serial data is 
shifted into D. With this connection, the mode control input acts as 
a shift right, shift left control line. 
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Self Test Review 


27. 


28. 


29. 


30. 


31. 


An 8 bit shift register contains the number 10000110. The serial 
number 11011011 is applied to the input. After 5 shift pulses, what 
is the numberin the shift register? (Assume shift right operation.) 


Shift registers can be made up of ______ or 
type flip-flops. 


Most shift registers in modern digital applications are of the 
type. 


Which of the following operations are not typical of the 74LS95 
MSI shift register? 

shift right 

shift left 

serial in 

serial out 

reset 

parallel load 


mo aor 


How many shift pulses are required to serially load a 16 bit word 
into a 16 flip-flop shift register? 


How could you reset an 8 bit serial in-serial out shift register? 
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Answers 


27. 
ORIGINAL REGISTER CONTENT 
SERIAL INPUT 


11011011 1 fofofofoli fifo 
AFTER FIVE SHIFT PULSES 


1 1o—=fi}i}ofifa}rjofajoorre 


28. JK, D 
29. MSI 


30. e. reset The 74LS95 shift register does not provide a separate 
clear input line. 


31. 16 
32. Shift in eight binary Os. 
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SHIFT REGISTER APPLICATIONS 


The shift register is basically a storage element for a binary word. 
Data can be conveniently shifted into and out of the register in serial 
form. Despite its simplicity, the shift register has many applications. 
In this section we are going to look at some of the more popular uses 
for shift registers. 





Serial to Parallel Conversion. One of the most common applications 
of a shift register is serial to parallel or parallel to serial data conver- 
sions. There are many occasions in digital systems where it is necessary 
to convert an existing parallel word into a serial pulse train. The shift 
register can readily perform both of these operations. 


Figure 7-33 shows how a shift register is used in serial to parallel and 
parallel to serial data conversions. In Figure 7-33A the shift register 
is shown being loaded by a parallel input. The number 1101 is preset 
into the shift register. Then four clock pulses are applied so that the 
data is shifted out serially. In Figure 7-33B, the shift register is used 
for serial to parallel conversion. Here the serial input number 1001 
is shifted into the shift register by four clock pulses. Once the data 
is in the register, the outputs of the individual flip-flops may be mon- 
itored simultaneously to obtain the parallel output data. 





PARALLEL INPUT 
1101 


(A) SERIAL OUTPUT 
PPE: 101 


SERIAL INPUT 
100 1—H1f0f0]1) 


(B) 1001 
PARALLEL OUTPUT 


Figure 7-33 
Parallel to serial and serial to parallel 
data conversions with a shift register. 


Scaling Operations. A shift register can be used to perform arithmetic 
operations such as multiplication and division. Shifting the binary 
number stored in a shift register to the left has the effect of multiply- 
ing that number by some power of 2. Shifting the data to the right 
has the effect of dividing the number in the register by some power 
of 2. Shifting operations are a simple and inexpensive way of per- 
forming multiplication and division with binary numbers. 
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Figure 7-34A shows a shift register containing a binary number. As- 
suming the binary point is located to the far right, we can then con- 
vert the binary number into its decimal value. In the initial condition 
state this number is 3. Now if we perform a shift left operation and 
move the binary word one position to the left you can see im- 
mediately from Figure 7-34B that a new binary number has been 
formed. As we shift the data to the left one bit position binary Os are 
entered on the right. The new number stored in the register is 6. As 
you can see, shifting the data one position to the left has the effect 
of multiplying the original number by 2. 


A olofofoflilı] INITIAL CONDITION 3 


BINARY 
POINT 


B ofjofofifilo lst SHIFT LEFT 6 


C ojofilılolo. 2nd SHIFT LEFT 12 


D Ov: fitololo 3rd SHIFT LEFT 24 


Figure 7-34 
Multiplication by powers 
of 2 by shifting left. 


If we perform another shift left operation the number in the register 
becomes as shown in Figure 7-34C. Converting it to decimal we see 
that it is 12. The additional shift left operation has again multiplied 
the number in the register by 2. Two shift left operations have caused 
the initial number to be multiplied by four. 


A third shift left operation will further verify this effect. The number 
shown in Figure 7-34D is now 24. Shifting the word one additional 
position to the left has multiplied the number previously by 2. With 
three shift left operations the initial number in the register has been 
multiplied by eight. As you can see then, the factor by which the 
number in the register is multiplied is some power of 2. The multi- 
plying factor is 2“ where N is the number of shift left operations that 
take place. With three shift left operations as in Figure 7-34, the origi- 
nal number is multiplied by 2° = 8. The important thing to re- 
member about this operation is the shift register must be large enough 
to accommodate the largest number expected by multiplication. In 
addition, note that binary Os are shifted into the right most position 
as the data is moved to the left. 
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Division by some power of 2 is accomplished by shifting right. This is 
illustrated in Figure 7-35. Here the number initially stored in the register 
is 20.0. Note in this 6 bit register the binary point has been specified as 


being between the right most bit position and the next most significant 
bit. 





168 4 2 1.5 


A fijofilojo{o} INITIAL CONDITION 20.0 


BINARY 
POINT 


B 8 =6f ofl jo{ifofo lst SHIFT RIGHT 10.0 


C ojolıjoflil o 2nd SHIFT RIGHT 5.0 


| 


D gpopopngon 3rd SHIFT RIGHT 2.5 


BINARY] 
POINT 


Figure 7-35 
Division by powers 
of 2 by shifting right. 





Applying one clock pulse causes the data in the register to be shifted one 
position to the right. Evaluating the new decimal value of this number 
we find that it is 10.0. The number initially stored in the register has been 
divided by 2. Applying another shift pulse causes the data to be moved 
one more position to the right. Evaluating this number we find that it is 
5.0. Again the number has been divided by 2 while the overall division 
accomplished by two shift pulses is 4. Performing a third shift right oper- 
ation moves the data again one bit to the right. Evaluating the new 
number we find it to be 2.5. Again the data has been divided by 2. 


The value by which the number in the register is divided is some power 
of 2. The divide ratio is 2N where N is the number of shift right operations. 
Here the original number 20 was divided by 2“ = 2° = 8 or 20 + 8 = 
2.5. Again an important consideration is that the register be large enough 
to accommodate the numbers resulting from the scaling operations by 
shifting. If the register is not large enough, data will be shifted out of the 
register and lost thereby making the arithmetic operation incorrect. 
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Shift Register Memory. Shift registers, because they store binary data, 
are often used for temporary memories in digital equipment. Such a 
shift register memory is usually capable of storing at least one binary 
word. Many such memories are made long enough to store many bi- 
nary words. In such an application, there are two operations that the 
memory must perform. First, it must be able to accept data and then 
store it. In other words, we must be able to write new data into the 
memory. Second, we must be able to retrieve that data or read it out 
upon command. One of the requirements of the memory is that when 
we do read the data out that it will not be lošt. A shift register can 
accomplish both of these operations by providing external logic cir- 
cuitry as shown in Figure 7-36. Here an eight bit shift register is used 
to store a single binary word. The external control gates are used to 
select a read or write operation. To store or write data into the mem- 
ory, the write/recirculate line is set to the binary 1 state. This causes 
gate 1 to be enabled. Serial data applied to the other input of gate 
1 is passed on into the shift register. Once data is stored in the mem- 
ory, the write/recirculate control line is set to the binary 0 condition. 
This inhibits gate 1 and prevents other data appearing at the input 
from being recognized by the shift register. Instead gate 2 is now en- 
abled. Note that the shift register output is connected to gate 2. As 
shift pulses are applied, the data in the register is shifted out serially 
and may be used by some external circuit. As the data is being 
shifted out it is also being shifted back into the input of the shift reg- 
ister through gates 2 and 3. In other words, we are recirculating the 
data in the register. The read out operation is accomplished and at 
the same time the data is restored. When we wish to write a new 
word into the shift register, the write/recirculate line is again made 
binary 1 and 8 shift pulses are applied. 








INPUT 





WRITE/RECIRCULATE 


OUTPUT 


SHIFT REGISTER 


Figure 7-36 


Shift register memory. 
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Sequencer/Ring Counter. Another popular application of the shift reg- 
ister is a sequencer or ring counter. Many logic circuits require a se- 
quence of equally spaced timing pulses for initiating a series of oper- 


ations. A properly connected shift register can be used to serve this 
purpose. 








PRESET 


Figure 7-37 
A shift register connected as a 
sequencer or ring counter. 


A shift register connected as a ring counter is shown in Figure 7-37. 
This is the standard shift register circuit we discussed earlier. However, 
note that the outputs of the shift register from the D flip-flop are con- 
nected back to the JK inputs of the A flip-flop. This provides feedback 
that causes the shift register to continue to rotate or sequence the data 
in the register. The asynchronous set and clear inputs of the flip-flop 
are used to preset a single bit in the shift register. A binary 0 level 
applied to the preset line causes the A flip-flop to become set and 
the other three flip-flops to become reset. As shift pulses are applied, 
the binary 1 in the A flip-flop is shifted to the B, C, and D flip-flops, 
and then back around to the A flip-flop. This seqeunce repeats as long 
as the shift pulses are applied. Since the one bit initially programmed 
into the shift register is continually recirculated, the name ring counter 
definitely applies. The waveforms and the state table in Figure 7-38 
show the operation of the four bit shift register as a ring counter. 





SHIFT i 
PULSES 


ALL 





Figure 7-38 


c o] [ Waveforms fora Four-bit shift register ring 


counter. State table for ring counter. 
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A close look at the waveforms for the four bit ring counter in Figure 
7-38 shows that the output at any flip-flop has a frequency one fourth 
that of the shift pulse frequency. In other words, the shift register 
connected as a ring counter produces frequency division by four 
since four shift input pulses occur for each flip-flop output pulse. As 
you can see then the shift register when connected as a ring counter 
can be used as a frequency divider. By presetting one of the flip-flops 
in the shift register, frequency division by any integer value can be 
accomplished by simply using as many flip-flops as needed. For ex- 
ample, to divide by seven, seven flip-flops would be required in the 
ring counter. 





One of the disadvantages of the ring counter circuit shown in Figure 
7-37 is that it must be initially preset in order for it to function prop- 
erly. When power is initially applied to this circuit, the flip-flops in 
the register can come up in any state. If any random state is allowed 
in the shift register, the operation previously described will not 
occur. The preset operation must take place to initially load one of 
the flip-flops with a binary 1 and the others with binary 0. This dis- 
advantage can be overcome by using a self correcting circuit as 
shown in Figure 7-39. Here the NAND gate monitors the outputs of 
flip-flops A, B, and C. The output of the NAND gate and its comple- 
ment are connected to the JK inputs of the A flip-flop. With this cir- 
cuit arrangement, any of the sixteen possible states can occur in the 
shift register and the shift register will automatically correct itself to 
where only one of the flip-flops is set and the others are reset. Re- 
gardless of the initial states of the flip-flops, after a maximum of three 
shift pulses, the contents of the shift register will automatically be 
corrected so that only a single flip-flop is set. From that point on the 
shift register will simply recirculate the single one bit stored there. 








Figure 7-39 
Self correcting shift register ring counter. 
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To use the ring counter described here as a sequencer, the output 
pulses from the flip-flops are simply connected to the logic circuits 
whose sequence is to be controlled. Since the shift pulses are nor- 
mally derived from a fixed frequency clock, the timing interval of the 
shift registers is precise and thereby permits very exacting control of 
the external logic circuits. In addition, it is not necessary to use all 
of the pulses derived by the shift register. Only those required by the 
circuit need be used. Keep in mind that as more circuits must be con- 
trolled or sequenced, additional flip-flops can be added to the shift 
register to produce them. 





Counters. When connected as a ring counter, shift registers can also 
be used as a counter. In some special applications they may replace 
binary counters for certain operations. The four bit ring counter cir- 
cuit described previously has four distinct states and these states re- 
peat or recycle as the clock pulses are applied. 


A popular type of shift register counter is the Johnson counter shown 
in Figure 7-40. While any number of flip-flops may be cascaded to 
form a Johnson counter, a five bit circuit is often used. Note that like 
in the ring counter. the output of the last flip-flop is connected back 
to the inputs of the first flip-flop in order to recirculate the data. 
However, note that in this case the normal output of the E flip-flop 
is connected to the K input and the complement output is connected 
to the J input. Because of this connection the Johnson counter is often 
referred to as a twisted ring counter or switch tail counter. With this 
arrangement, the counter or shift register will have 2N different states 
where N is the number of flip-flops in the shift register. The five bit 
Johnson counter shown in Figure 7-40 therefore, will have ten dis- 
crete states. | 








Figure 7-40 
Shift register connected 
as a Johnson counter. 
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Like the ring counter shift register discussed previously, it is neces- 
sary to initialize the counter after power is applied in order to have 
the counter operate properly. A self correcting circuit similar to that 
shown in Figure 7-39 can be used to initialize the circuit. Otherwise 
initialization can be accomplished by simply resetting all of the flip- 
flops to zero. When shift pulses are applied, the binary state se- 
quences shown in the table of Figure 7-41 are generated. Note the ten 
individual states. The counter recycles every tenth input pulse. Since 
the Johnson. counter has ten individual states, it is often used as a 
divide by 10 frequency divider. Other counting operations can often 
be implemented with this type of counter. However. because of the 
nonweighted codes generated by the Johnson counter and the ring 
counter shift register, many counting applications are difficult and in- 
convenient to implement. 
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Figure 7-41 


State table for Johnson counter. 
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Self Test Review 


33. A binary number is shifted 5 positions to the left. The number 
therefore has been 
a. multiplied by 5 
b. divided by 5 
c. multiplied by 32 
d. divided by 32 


34. A binary number must be divided by 128. How many positions 
must the number be shifted (and in what direction) to achieve 
this? 

35. How many flip-flops must be used in a ring counter shift register 
to perform frequency division by 12? 

a. 4 
b. 6 
c. 12 
d. 24 


36. How many states does a Johnson counter with 8 flip-flops have? 
a. 8 
b. 16 
C: 32 
d. 256 


37. Shift registers can operate in both serial and parallel modes. List 
all four possible combinations of these modes. 
a. 

b. 
C. 
d. 

38. In our discussion of using a shift register to multiply and divide 
by shifting, we assumed that the right most bit was the LSB. 
What happens to our rules about multiplication and division by 
shifting if the left most bit is made the LSB? 
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Answers 













33. c. multiplied by 32. 

34. 7 positions to the right. 

30= C12 

36. b. 16 

37. a. Serial In-Serial Out (SI-SO) 
b. Parallel In-Parallel Out (PI-PO) 
c. Serial In-Parallel Out (SI-PO}) 
d. Parallel In-Serial Out (PI-SO) 


38. The rules are reversed. A right shift now becomes a multiply and 
a left shift becomes a divide. 
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MOS SHIFT REGISTERS 





In applications requiring shift registers with a limited bit capacity, bipo- 
lar integrated circuits such as TTL or ECL are used. CMOS shift registers 
are also available. Such registers are generally used for storing a single 
binary word. This word may be as small as four bits but could be as long 
as 32 bits in some applications. Where more data storage is needed, addi- 
tional flip-flops or MSI shift registers can be cascaded to form memories 
which can be used for storing many binary words. When implemented 
with standard bipolar and CMOS integrated circuits, such shift register 
memories become very large and expensive. In these applications MOS 
shift registers can be of value. 


MOS integrated circuit shift registers using P or N channel enhancement 
mode MOSFETs contain many storage elements. Because of the very high 
component density and very low power dissipation of the MOS struc- 
ture, very large shift registers can be made on a very tiny silicon chip. 
MOS shift registers with thousands of storage elements are available for 
memory applications. Such shift registers are commonly used to store 
many binary words in a serial format. For example, to store 128 eight bit 
binary words we would need an 8 X 128 = 1024 bit shift register. 


MOS shift registers this large are very practical and are commonly used 
for temporary data storage and for delay operations. Any application re- 
quiring the temporary storage of a large volume of binary data can use 
MOS shift registers. In addition, most MOS LSI shift registers are of the 
serial in/serial out type. The parallel loading and readout of data is not 
generally performed with MOS shift registers. These MSI and LSI circuits 
provide a very economical memory source. 





There are two basic types of MOS shift registers: static and dynamic. A 
static shift register is one in which the clock may be stopped without loss 
of data. This is the type of shift register that we have discussed in the pre- 
vious sections. Clock signals are applied to shift data into or out of the 
register. When the clock pulses are stopped, the data in the shift register 
is retained in the storage elements. Data is not lost if the clock is stopped. 


In another type of MOS shift register the data will be lost if the clock is 
stopped. This type of shift register is known as the dynamic type. 
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Because of the characteristics of the storage element used in a dynamic 
register, the clock pulses must run continuously if data is to be retained. 
Data must be continuously recirculated or refreshed in order to prevent 
its loss. Naturally, the static shift register is generally more desirable from 
a standpoint of operation and convenience. However, static MOS shift 
registers are generally more complex and consume much more power. 





Dynamic shift registers can be made smaller and more simply, can oper- 
ate at higher speeds and have far lower power dissipations. Such trade 
offs must be considered when designing with MOS shift registers. Most 
MOS shift registers are fully compatible with TTL and CMOS circuits. 
No special interfacing is required. 


Dynamic MOS Shift Register. The basic storage element in a MOS 
shift register, whether it is dynamic or static, is the capacitance that 
exists between the gate and the channel of the MOSFET transistors 
used. While this capacitance is very small (on the order of several 
tenths of a picofarad), the high impedance nature of the MOSFET 
permits a charge voltage to be placed on this capacitance and re- 
tained for a relatively long period of time. The impedance between 
the gate and the source of an enhancement mode MOSFET is on the 
order of 10'® ohms or greater. Such a high impedance is virtually an 
open circuit and has a minimum effect on the gate capacitance. If we 
apply a voltage between the gate and source of a MOSFET, the gate 
capacitance will charge and remain there until it leaks off through the 
very high impedance between the source and gate. In high quality 
MOSFETs, this discharge time can be as long as one millisecond. 





The storage element circuit used in a MOS shift register is a MOSFET 
inverter. The input capacitance of the inverter transistor stores the 
data. Figure 7-42 shows how two MOSFET inverters (I1 and I2) are 
combined with MOSFET transmission gates (Qı and Q.) to form a 













C3== 
Jee 


ONE BIT STORAGE ELEMENT B 


6425 
L 





ONE BIT STORAGE ELEMENT A 


Figure 7-42 
Dynamic MOS shift register. 
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one bit storage element. The input data is applied to inverter [1 
through transmission gate Qi. MOSFET Q1 is simply used as an on/ 
off switch to connect the input to capacitor C1 and disconnect it. The 
output of inverter I1 is connected to the input of inverter [2 through 
transmission gate Q2 which again is used as a simple on/off switch. 
The switching of the transmission gate transistors is controlled by 
two clock signals designated phase 1 (1) and phase 2 (2). These 
two phase clock signals are illustrated in Figure 7-43. Note that when 
61 is on 2 is off and vise-versa. 
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Figure 7-43 
Clock and circuit waveforms 
for dynamic MOS shift register. 


For our discussion here let’s assume the use of P channel MOS cir- 
cuits where a binary 0 is equal to zero volts or ground and a binary 
1 is some negative voltage level. 


The data to be stored (written) into storage element A is applied to 
the data input line. Assume that we apply a binary 1 input which 
is some negative voltage level. When clock pulse $1 occurs, transmis- 
sion gate Q1 will conduct. This will cause capacitor C1 to charge to 
the input voltage. Applying a binary 1 input voltage to inverter I1 
causes a binary 0 level to appear at its output. After the occurrence 
of the 1 clock pulse, capacitor C1 retains the charge and acts as the 
input voltage source for inverter [1. 





7-66 Juwrseven o 


The $2 clock pulse occurs next. This causes transmission gate Q2 to 
conduct. The state of the output of I1 is, therefore, transferred to 
capacitor C2. This is a binary 0, so capacitor C2 has zero charge. The 
input to inverter [2 is a binary 0. The output of I2, therefore, is a bi- 
nary 1. After one 1 clock pulse and one #2 clock pulse, the binary 
1 that was at the input to storage element A appears at the output 
of storage element A. On the next cycle of 61 and 2 clock pulses, 
this binary 1 value will be transferred to the next storage element (B) 
of the shift register. Any new data appearing at the input of the first 
storage element will be shifted in at this time. The waveforms in Fig- 
ure 7-43 illustrate the storage of a binary 1 in element A and its trans- 
fer to element B as a binary 0 is entered. 





The inverters in Figure 7-42 can be any one of several different types 
of MOS logic inverters. Figure 7-44 shows the two types most com- 
monly used. In Figure 7-44A, a static inverter is used. Here Q2 is the 
inverter element while Q1 is a MOSFET biased into conduction to act 
as a load resistance. This type of device dissipates power because Q1 
is continuously conducting. In long MOS shift registers this power 
dissipation is additive and can produce a significant amount of heat. 





Veg “pp clock ~Vpp 
L, Q1 L q1 
OUT OUT 
| Ne— Q2 | Neo——+ Q2 
(A) (B) 
Figure 7-44 


MOS inverters (A) static and (B) clocked. 


Another type of inverter shown in Figure 7-44B uses a clocked load 
device. Here, Q2 is the inverter element while Q1 is the load element. 
Q1, however, does not conduct, except during the time a clock pulse 
is applied. When such an inverter is used in the dynamic shift regis- 
ter circuit at Figure 7-42, the load element is clocked during $1 or 
$2 along with the associated output transmission gate. For example, 
the load element in I1 would be clocked at 2 time while the load 
element in I2 would be clocked at $1 time. This arrangement greatly 
reduces the power dissipation of the device. 
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In order to keep the data from being lost during the shifting process, 
the clock must run continuously and the data must be continually re- 
circulated from output to input. Write/recirculate logic at the input 
of the shift register is used to select the mode of operation. Should 
the clock pulses stop, the data stored as charges on the capacitances 
in the circuits will leak off and be lost. The loss of data can occur 
in only several hundred microseconds depending upon the circuitry 
used. For that reason the minimum clock rate is approximately 5 kHz 
for most typical dynamic MOS shift registers. Dynamic shift registers 
with minimum clock rates in the 100 Hz range are available. 





Static MOS Shift Registers. There are some applications where it is 
desirable to stop the clock in a digital system. For such applications, 
static MOS shift registers can be used. Such shift registers employ 
storage elements that retain the data even after the clock has stopped. 


In addition, it is not necessary to continually recirculate the data in 
order to retain it. 


A typical storage element for a static MOS shift register is shown in 
Figure 7-45. It also uses the gate capacity of a MOSFET inverter for 
temporary data storage. The storage element uses two such inverters. 
One inverter is transistor Q3 with its load device Q2. The other in- 
verter is Q7 with its load device Q6. These two inverters are cross 
coupled through transmission gates Q4 and Q5. When Q4 and Q5 
conduct, a latch type flip-flop is formed. Naturally, a latch will retain 
data even when the clocking signals are removed as long as Q4 and 
Q5 conduct. Transistor Q1 is used as a transmission gate to load data 
into the storage element. To explain the operation of the circuit, as- 
sume that P channel devices and negative logic are used. 





Von 





Figure 7-45 
One bit MOS storage element 
for a static MOS shift register. 
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The proper operation of this shift register requires a three phase clock 
signal. These clock signals are shown in Figure 7-46. The $3 clock 
is a delayed replica of the 2 clock signal. In some static MOS shift 
registers, the 63 and sometimes the $2 and $3 clock pulses are gener- 
ated on the chip. Therefore, the circuit requires only a single or dou- 
ble phase external clock for proper operation. 
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Figure 7-46 
Waveforms for static MOS shift register. 





To load data into the circuit, the desired bit is applied to the data 
input line. When the $1 clock occurs, transmission gate Q1 conducts. 
This causes the gate capacitance of Q3 (C1) to charge to the proper 
state. If a binary 1 is applied to the data input, C1 will assume a 
negative charge. This negative charge is applied to inverter Q3. Q3 
conducts and its drain goes low representing a binary 0. 


The $2 clock occurs next and Q5 conducts. thereby, transferring the 
state of Q3 to capacitor C2. In our example, this is a binary 0. The 
output of inverter Q7 then is a negative level binary 1. The $3 clock 
signal occurs and Q4 conducts. This applies the negative signal back 
to the gate of Q3 to keep it on. At this time, the data is latched. The 
shift register will remain in this state until the state of the input has 
changed and the next clocking cycle has been completed. 
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Self Test Review 


39. 


40. 


41. 


42. 


43. 


44. 


MOS shift registers are which of the following type? 
a. SI-SO 
b. SI-PO 
c. PI-PO 
d. PI-SO 


The two types of MOS shift registers are ____________._ and 


Static MOS shift registers consume 

a. more 

b. less 

power than a dynamic register. 

MOS shift registers are used mainly 

a. for storing a single binary word. 

b. parallel to serial data conversions. 

c. for multiplying and dividing operations. 

d. as a memory for storing many binary words. 


The main storage element in an MOS register is the 

of a MOSFET inverter. - 
What two requirements are necessary to prevent a data loss in a 
dynamic MOS shift register? 
a. 


b. 


TO |eropee 


Answers 





39. a. SI-SO 

40. static, dynamic 

41. a. more 

42. d. as a memory for storing many binary words. 
43. gate capacitance 


44. a. continouously running clock 
b. data recirculation 
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CLOCKS AND ONE-SHOTS 





Most sequential logic circuits are driven by a clock. The clock is a 
periodic signal that causes logic circuits to be stepped from one state to 
the next. The clock steps the sequential circuits through their normal 
operating states so that they perform the function for which they were 
designed. 


The clock signal is generated by a circuit known as a clock oscillator. 
Such an oscillator generates rectangular output pulses with a specific fre- 
quency, duty cycle and amplitude. The most commonly used clock oscil- 
lator is some form of astable multivibrator. Such circuits can be con- 
structed with discrete components or with logic gates. 


Another circuit widely used to implement sequential logic operations is 
the one shot. The one shot or monostable multivibrator produces a fixed 
duration output pulse each time it receives an input trigger pulse. The 
duration of the pulse is usually controlled by external components. By 
cascading one shot circuits, a wide variety of sequential circuits can be 
implemented. 


Clock Oscillator Circuits 





Practically all digital clock oscillator circuits use some form of astable 
multivibrator circuit for generating a periodic pulse waveform. Such a 
circuit has two unstable states, and the circuit switches repeatedly be- 
tween these two states. Both discrete component and integrated circuit 
clocks are used in digital equipment. 


Discrete Component Circuits. The most commonly used clock oscillator 
is the astable multivibrator circuit shown in Figure 7-47. It consists 
of two transistor inverters Q1 and Q2 with the output of one connected 
to the input of the other. Resistors R2 and R3 are used to bias the 
transistors into saturation. Capacitors C1 and C2 couple the output of 
one inverter to the input of the other. In normal operation, one transistor 
is conducting while the other is cut off. The frequency of oscillation 
is determined by the values of R2, R3, C1, and C2. 


Figure 7-47 


Astable multivibrator clock oscillator. 
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Assume that Q2 is conducting and Q1 is cut off. Capacitor C1 then 
charges through the emitter-base junction of Q2 and R1 to the supply 
voltage +Vcc. Capacitor C2 which was previously charged to the 
supply voltage with the polarity shown keeps Q1 cut off as it dis- 
charges through resistor R2. As soon as it discharges to zero it begins 
to charge in the opposite direction. When the charge on C2 reaches 
about 0.7 volt, Qi conducts. As soon as Q1 conducts, it effectively 
connects the positive side of C1 to ground. This puts a negative volt- 
age between the base and the emitter of Q2 causing it to switch off 
quickly. C1 then discharges through R3. At this time C2 is recharged 
through the emitter-base junction of Qi and R4. As soon as the 
charge on C1 has reached zero, it will begin to charge to the supply 
voltage. However, as soon as the voltage is high enough, Q2 again 
conducts and the state of the circuit reverses. This cycle continues 
at a rate determined by the discharge time of C1 and C2 which in 
turn depends upon the values of R2 and R3. R2 and R3 are generally 
selected in order to ensure saturation of Qi and Q2. Capacitors C1 
and C2 are then chosen to produce the desired operating frequency 
with the given base resistors. The frequency of oscillation (f) is ap- 
proximately equal to: 





‘ E 
1.4 RC 

This formula assumes the R = R2 = R3 and C = C1 = C2. With 
this arrangement the circuit will produce a 50 pecent duty cycle out- 


put square wave. Unequal values of capacitors can be used to pro- 
duce a duty‘cycle more or less than 50 percent. 





Figure 7-48 shows the circuit outputs. The outputs are taken from the 
collectors of the two transistors and they are complementary. The 
outputs switch between the supply voltage +Vccand the Vcr (sat) of 
each transistor. This clock oscillator circuit can drive most standard 
logic families such as TTL and CMOS directly. For other types of 


logic, interface circuitry may be required between the clock oscillator 
and the logic circuitry. 


Vee (SAT)-- 
Veg (SAT)------ 


Figure 7-48 


Waveforms for the astable multivibrator. 
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IC Clock Circuits. The astable multivibrator of Figure 7-47 can also 
be implemented by using integrated circuit gates or inverters. Figure 
7-49A shows the astable circuit implemented with TTL inverter cir- 
cuits. The operation of this circuit is pratically identical to the circuit 
in Figure 7-47. The frequency of oscillation is a function of the values 
of resistance and capacitance in the circuit. The resistors provide a 
charge path for the capacitors and are also used to provide bias to 
the inverter circuits. The frequency of oscillation of this circuit is ap- 
proximately equal to: 





1 
2 RC 
Where f is in kHz, R is in k ohms and C is in microfarads. The output 
of the circuit will be 50 percent duty cycle square wave. Inverter 3 
is used to buffer the circuit output and to isolate the load from the 
frequency determining components. 


XTAL 








Figure 7-49 
Astable multivibrators made with TTL inverters. 
(A) Conventional astable, 
(B) crvstal controlled astable. 
(C) simplified astable. 
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The basic IC astable multivibrator can be modified as shown in Figure 
7-49B to include a frequency determining crystal. The values of R and 
C are selected to perform oscillation near the desired frequency. The cir- 
cuit will oscillate at the crystal frequency. This circuit is desirable when 
the clock frequency must be very accurate and remain stable. Again in- 
verter 3 is used to buffer the output and isolate the load from the fre- 
quency determining components. 





Figure 7-49C shows another version of the basic astable multivibrator. 
This circuit uses only a single RC network. Resistor R is used to bias in- 
verter 1 close to the linear region. In this circuit, the value of R is very 
critical and should be somewhere in the 150 to 220 ohm range when stan- 
dard TTL inverters or OR gates are used. 


The operation of this astable multivibrator is somewhat different from 
the discrete component circuit and its integrated circuit counterparts 
discussed earlier. This is how it operates. 


Refer to Figure 7-49C. Assume the output of inverter 2 goes low. This low 
will be coupled through capacitor C to the input of inverter 1, therefore. 
the output of inverter 1 will go high. The high input to inverter 2 ensures 
that its output remains low. At this time capacitor C charges through R 
to the output voltage of inverter 1. When the voltage to the input of inver- 
ter 1 reaches approximately 1.5 volts, the output of inverter 1 will go low 
forcing the output of inverter 2 high. The high output from inverter 2 plus 
the charge on capacitor C ensures a high level to the input of inverter 1 
keeping its output low. Capacitor C now begins to discharge through R. 
As soon as the charge on C becomes low enough, the output of inverter 
1 will switch high causing the output of inverter 2 to go low. The cycle 
will then repeat itself. The period (p) of oscillation of this circuit is ap- 
proximately 3 RC. As in the other circuits, inverter number 3 is used to 
isolate the load from the frequency determining components and to en- 
sure a clean square wave output. 
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Two-Phase Clocks. The circuits we have discussed generate a single- 
phase clock. For most MOS integrated circuits, a two-phase clock is 
required. Bipolar logic circuits and CMOS usually operate from a 
single-phase clock. There are several different methods of generating 
two-phase clock singals, but one of the most commonly used methods 
is shown in Figure 7-50. Two TTL JK flip-flops are connected to form 


singe D A J BTR Veg 

PHASE! T 82 
CLOCK F = Be 

INPUT eel 4 

(CLK) 





Figure 7-50 


Two-phase clock generator. 


a svnchronous 2-bit binary counter. The count sequence is 00, 01, 10, 
and 11. Gates 1 and 2 are used to detect the AB and AB states of the 
counter. These gates are used to drive transistors Q1 and Q2 which 
form the interface circuitry for developing the proper logic levels for 
use with PMOS integrated circuits. The phase 1 (1) and phase 2 (#2) 
clock signals switch between + Vz, and — Vcc. These levels are typi- 
cally +5 and —5 volts. The waveforms for the two-phase clock cir- 
cuitry are shown in Figure 7-51. 


Figure 7-51 


Waveforms for two-phase clock generators. 
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When both flip-flops are set, the output of inverter 3 goes high. Q1 
cuts off and the 62 output becomes — Vcc. When the output of inverter 
3 goes low, Q1 conducts and the output becomes + Vzg. The operation 
of Q2 is similar. When flip-flop A is set and B is reset, the output 
of inverter 4 goes high. Q2 cuts off and the 1 output goes to — Vcc. 
When the output of inverter 4 is low, Q2 conducts and the $1 output 
is + Veg. The waveforms in Figure 7-51 show this sequence. 


One Shot Multivibrators 


The one shot or monostable multivibrator is a circuit that generates 
a rectangular output pulse of a specific time duration each time it re- 
ceives an input trigger pulse. The output pulse duration is usually 
adjustable by varying the value of external circuit components. By 
cascading these circuits, a variety of sequential logic operations can 
be implemented. 


Discrete Component One Shot Circuit. Figure 7-52 shows the schema- 
tic diagram of a one shot multivibrator. This circuit has two states: 
a stable state where Q2 conducts and Q1 is cut off and an unstable 
state where Q1 conducts and Q2 is cut off. The circuit normally rests 
in its stable state when it is not being triggered. The unstable state 
is initiated when the circuit receives an input trigger pulse. The one 
shot then goes into its unstable state and for a period of time depend- 
ing upon the values of C1 and R2 it generates an output pulse. The 
circuit then returns to its stable state. 


A- OUTPUT 


Figure 7-52 
One shot multivibrator 
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In the stable state, resistor R2 forward biases the emitter-base junction 
of Q2. Q2 saturates and its output is near zero volts or ground. Therefore, 
the voltage applied to R4 is insufficient to cause Q1 to conduct. Q1 there- 
fore, is cut off and its collector is at + Vcc. Capacitor C1 charges through 
the emitter-base junction of Q2 and resistor R1 to a voltage approximately 
equal to supply voltage + Vcc. 





The circuit will remain in this stable state until it receives an input 
trigger pulse. To trigger the circuit, an input pulse is applied. The net- 
work consisting of C2 and R5 differentiates the input pulse. The sharp 
positive and negative pulses occurring at the leading and trailing edges 
of the input waveform are then applied to diode D1. D1 permits only 
the negative going pulse to be coupled to the base of Q2. The negative 
going pulse reverse biases the emitter-base junction of Q2. Q2 switches 
off and its output voltage rises to +Vcc. This causes Q1 to become 
forward biased. It receives base current through R3 and R4 from + Vcc. 
With Q1 saturated its collector is near zero volts. C1 begins to discharge 
through resistor R2. The negative voltage from this capacitor at the 
base of Q2 keeps Q2 cut off. As C1 discharges through R2, its voltage 
drop becomes smaller. Soon C1 will be completely discharged and will 
begin to charge to the opposite polarity. When the voltage across it 
is high enough, it forward biases Q2. As soon as Q2 switches on, the 
output pulse is terminated. C1 then recharges through the emitter-base 
junction of Q2 and R1. Figure 7-53 shows the input and output 
waveforms generated by the one shot circuit. 





INPUT | | | | | | 


OUTPUT | | N 


Figure 7-53 


Waveforms for the one shot multivibrator. 
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There are several important facts about the one shot that should be con- 
sidered in its application. First, the output pulse duration is a function 
of the values of C1 and R2. The value of R2 is rather critical since it must 
be low enough in value to ensure the complete saturation of Q2 during 
normal operation. The value of C1 can be almost any value. The time du- 
ration of the output pulse (t) is approximately t = .69(R2C;). In most prac- 
tical monostable multivibrators, the ouput pulse can be adjusted from 
nanoseconds to seconds. 





Second, the output pulse is initiated on the negative or trailing edge of 
theinput. The positive or leading edge has no effect. See Figure 7-53. 


The duty cycle is generally limited to a maximum of approximately 90 
percent. A duty cycle greater than approximately 90 percent will gener- 
ally cause the circuit to operate unreliably. The reason for this is that suf- 
ficient time must be provided for the circuit to recover between input 
trigger pulses. This is the time required for capacitor C1 to completely 
recharge through the emitter-base junction of Q2 and R1 after a pulse has 
been generated. This finite charge time for C1 can be reduced by making 
R1 smaller. However, there is a limitation because of pratical circuit con- 
siderations. As for minimum duty cycle, there is no practical lower limit. 


Duty cycles of only a few percent can be achieved with such a multivib- 
rator. 
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Duty Cycle 


Duty cycle is the ratio of the output pulse duration to the total period of 
the trigger pulse input expressed as a percentage. 


t 
Duty cycle = — xX 100 percent 
p 


Here t is the pulse duration and p is the period. 


As an example, assume the pulse duration is 5 milliseconds and the 
input frequency is 50 Hz. See Figure 7-54. The input period is 
1/50 = .02 seconds or 20 milliseconds. The duty cycle then is: 


5 
Duty cycle = — x 100 = 25 percent 
20 


(<— p—| 
50Hz + 4 | | | | 
INPUT Z 
OUTPUT 


PULSE t 





Figure 7-54 
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Integrated One Shots. Most one shot circuits in use today are in integrat- 
ed circuit form. Their operation is virtually identical to the discrete com- 
ponent circuit just discussed. 





Figure 7-55 shows the logic symbol used to represent these one shots. 
This circuit has three inputs by which the one shot may be triggered. In- 
puts A1 and A2 can trigger the one shot if the B input is held high. Inputs 
A1 and A2 will trigger the one shot on the trailing edge. When A1 or A2 
switches from high to low, the one shot will generate an output pulse. 
Complementary output pulses appear at the Q and Q outputs. The dura- 
tion of the output pulse is a function of the external components C and 
R. The manufacturer provides guidelines for selecting these values and 
charts for computing the pulse width for given values of C and R. Gener- 
ally, the external value of R is limited to approximately 50 k ohms while 
practically any value of capacitance from 10pf to 100pf can be used. Duty 
cycles as high as 90 percent are possible. 





Figure 7-55 
Integrated circuit one shot. 


Input B can also be used to trigger the one shot if inputs A1 and A2 are 
not used (held low). The one shot will be triggered when input B switches 
from low to high. In other words, input B triggers the one shot on the lead- 
ing edge of the input. This input is used primarily for inhibiting or en- 
abling of inputs A1 and A2. Note also that the one shot has a reset input. 
This is similar to the asynchronous direct clear input of a JK flip-flop. 
Bringing this input low automatically terminates the output pulse during 
a timing period. When the one shot is not triggered, the Q output is binary 
0 while Q is binary 1. When a trigger pulse is received, the one shot goes 
into its unstable state where Q is binary 1 and Q is binary 0. A reset pulse 
applied during the timing period will cause the normal output to switch 
to binary 0, immediately terminating the timing sequence. The 
waveforms of Figure 7-56 illustrate these operations of the IC one shot. 
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Figure 7-56 


Waveforms of an IC one shot. 


Input pulses 1 and 2 trigger the circuit into operation on the trailing 
edge. The output is a pulse whose duration (t) is defined by the values 
of R and C. Note that the timing interval terminates prior to the applica- 
tion of each new input pulse. On the third input pulse, the one shot 
is triggered but the timing interval is cut short because of the occurrence 
of a reset pulse. 


Another type of IC one shot circuit available to the digital designer 
is the retriggerable monostable or negative recovery monostable. Most 
one shots require a finite period of time in order to recover from a 
trigger pulse. Once a one shot has been triggered and times out, it will 
take a short period of time for the capacitor to become recharged 
through the circuit resistance. It is this recovery time that limits the 
upper duty cycle of most one shots to approximately 90 percent. The 
retriggerable monostable eliminates this problem. Its recovery time is 
practically instantaneous thereby making 100 percent duty cycle out- 
puts almost a possibility. A 100 percent duty cycle represents a constant 
binary 1 output. 
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One of the benefits of the retriggerable monstable is its ability to gener- 
ate very long duration output pulses. By adjusting the external resistor 
and capacitor values of the one shot to provide an output pulse duration 
that is longer than the interval between the input trigger pulses, the 
retriggerable one shot will remain in the triggered state for a substantial 
period of time. The waveforms in Figure 7-57 illustrate this effect. Ini- 
tially, the one shot is in its normal stable state. When the trailing edge 
of input pulse 1 occurs, the monostable is triggered. However, before 
it can complete its output pulse whose duration is a function of the 
external component values, input pulse 2 occurs. When its trailing edge 
occurs the first timing interval is automatically terminated and a new 
timing interval initiated. This happens quickly so that the output re- 
mains high. Note that another input pulse does not occur after input 
pulse 2 and therefore the one shot is then allowed to time out and 
generate its normal output pulse width (t). 





In addition to generating very long output pulses, the retriggerable one 
shot can also be used as a missing pulse detector. By making the pulse 
width of the multivibrator longer than the period of input trigger pulses, 
the one shot will remain triggered during the sequence of input pulses. 
If one of the input pulses should disappear or be lost due to a malfunction 
or noise interference, the one shot will time out. Its output will go low 
and will therefore indicate the missing pulse. 





INPUT hl 2] 


OUTPUT | al 


Figure 7-57 
Input and output waveforms 
of a retriggerable monostable. 
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One Shot Applications 





Because of the flexibility of an integrated circuit one shot, many sequen- 
tial operations can be quickly and easily implemented. The ability to ad- 
just the output pulse width with external components to a desired value 
plus the retriggerable and reset features makes the one shot a versatile 
component. As a result, digital designers find many applications for it. 
Because of the nature of the one shot, these applications involve pulse 
generation, timing and sequencing. To generate a pulse of specific width, 
all that the designer needs to do is to add a one shot with the appropriate 
size external resistor and capacitor. 


Figure 7-58 


One shot pulse sequence generator. 





Figure 7-58 shows how one shots can be used for generating a sequence 
of timing pulses. Here one shots labeled A, B, and C trigger one another. 
Assume that the one shots trigger on the trailing edge of the input. 
The waveforms for this circuit are shown in Figure 7-59. When an 
input pulse occurs, it triggers one shot A. This one shot generates a 
pulse width (tı), that is a function of its external component values. 
At the termination of its output pulse, it triggers one shot B. One shot 
B generates another output pulse of a specific duration (t2). Upon its 
termination this pulse triggers one shot C which produces output pulse 
(t3). Such a chain of one shots provides a simple method of sequencing 
and timing digital operations. 


INPUT | | | | 


Figure 7-59 


Waveforms of the one shot pulse sequencer. 
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ONE SHOT 


Figure 7-60 


Pulse delay using one shots. 


Another common application for the one shot is in implementing a delay. 
In some circuits it is necessary to delay the operation of a particular por- 
tion of a circuit. This is essentially a timing operation. A one shot can 
provide this delay. The input signal to be delayed is applied to the A one 
shot as shown in Figure 7-60. The A one shot generates the desired delay 
time. At the end of its delay interval it triggers one shot B which then pro- 
duces the output pulse that initiates the desired operation. The 
waveforms in Figure 7-61 illustrate this delay function. The pulse width 
of one shot B can be adjusted to equal that of the input pulse if desired. 


INPUT | | || 
DELAY (A) | | | | 
OUTPUT (B) | | 


Figure 7-61 
Using a one shot 
to delay the occurrence of a pulse. 
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While the one shot appears to be a very flexible and versatile component, 
it has a poor reputation among digital designers. Before the availability 
of the high quality integrated circuit one shots, the monostable functions 
were implemented with discrete component circuits like the one dis- 
cussed earlier. Such circuits were generally unstable and unreliable. In 
order to provide a very stable fixed output pulse width, high quality tim- 
ing resistors and capacitors had to be used. In addition, one shots of this 
type were very susceptible to false triggering by noise on the power sup- 
ply line, at the normal trigger input or on the circuit ground. Any stray 
noise or “glitch” can effectively trigger the one shot and cause timing op- 
erations to occur at times when it is not wanted. Because of these prob- 
lems most digital designers attempt to design without one shots. In most 
cases, timing functions can be implemented with other types of logic cir- 
cuits such as counters and shift registers combined with logic gates. In 
synchronous logic circuits under the control of a master timing clock sig- 
nal, sequencing pulses with the proper time intervals and durations can 
be readily generated without the use of one shots. Normally this method 
is preferred. 





The modern integrated circuit one shot has overcome most of the prob- 
lems associated with the early unreliable circuits. However, the timing 
pulse stability is still largely a function of the quality of the external resis- 
tor and capacitor used to set the output pulse duration. The noise prob- 
lems have essentially been taken care of by providing high threshold 
noise immunity at the input. By the use of proper grounding and power 
supply decoupling networks, false triggering can be kept to a minimum. 
A good general rule of thumb is to design sequential logic circuits using 
counters, registers, and gates and developing the timing pulses based on 
synchronous clock signals. However, you will find some applications 
where one shots are necessary and desirable. 
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Self Test Review 


45. Most clock oscillators are UU —— —_—_— . 
46. What determines the frequency of oscillation of most clock cir- 
cuits? 
a. Crystal 
b. Power supply voltage 
c. RC time constant 





47. Two phase clocks are used mainly with which type of logic cir- 
cults? 
a. CMOS 
b. ECL 
c. TTL 
d. MOS 

48. A crystal controlled clock is used when the clock frequency must 
bes aan . 

49. A discrete component one shot has a timing resistor of 33 k and 
a capacitor of .01 yf. What is the duration of the pulse it gener- 
ates? 


50. The upper duty cycle limit on most one shots is ——— ~.. 
percent. 
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Answers 





45. astable multivibrators 
46. c. RC time constant 
47. d. MOS 

48. accurate, stable 


49. t = 0.69 (33000) (.01 x 1076) 
t = .2277 x 1073 
t = .2277 millisecond or 227.7 microsecond 


90. 90 percent 
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EXPERIMENT 12 





Binary Counters 


OBJECTIVES: To demonstrate the operation and charac- 
teristics of a binary counter. 


Materials Required 


Heathkit Digital Design Experimenter 
DC Voltmeter 

1—74LS04 TTL IC (443-755) 
2—74LS76 TTL IC (443-829) 
1—74LS193 TTLIC (443-815) 


Procedure 





1. Construct the four bit binary counter circuit shown in Figure E7-62. The pin 
connections for the 74LS76 ICs are given in Figure E7-63. Take care in wir- 
ing the circuit to avoid errors. Be sure to connect pin 5 to +5 volts and pin 13 
to ground (GND) on each 74LS76 IC, and pin 14 to +5 volts and pin 7 to 
ground on the 74LS04 IC. You will monitor the counter outputs on the LED 
indicators. You will step the counter with the A logic switch. 


Study the counter circuit in Figure E7-62. 
What type of counter is this? 

2. Set the switch SW1 to the high or up position. Apply power to the circuit. 
Note the states of the LED indicators. Record the binary number stored in the 
counter. 

Note: A (L4) = LSB, D (L1) = MSB 
DCBA = 


3. Depress the B logic switch. Note the states of the LEDs. Record the value of 
the binary word stored in the counter. 


DCBA = 





Does the change that takes place in the outputs occur on the leading or trailing 
edge of the B signal? 
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Figure 7-62 
Experiment circuit for evaluating the 
operation of a binary counter. 








Figure 7-63 
Pin connection for the dual 
JK flip-flop 74LS76. 


4. Record the initial counter state obtained in Step 3 in the first (OQ) position of 
Table I. Using the A logic switch, step the counter. Each time you actuate the 
A logic switch, observe the LED outputs and record the counter contents in 
Table I. Does the counter state change when you depress or release the A logic 
Switch? . What does this tell you? 


5. Observe your data in Table I. What kind of counter did you construct? 
. Does this data confirm your answer given in Step 1? 
. When the counter content is DCBA = 1111, what happens when you 
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TABLE I 





depress the A logic switch? . The counter output 
becomes what? 
DCBA = 


6. Remove the counter input from the A output and connect it to the CLK output. 
Set the clock frequency to 1 Hz. Depress the B logic switch and hold it. Ob- 
serve the LED indicators. Then, release the B logic switch and let the counter 
count. As it counts slowly, verify its outputs against your data in Table J. Let 
the counter run until you fully understand the count sequence. 


7. As the counter is counting, set data switch SW1 to the low or down position 
and observe the result. Repeat several times to be sure you understand what 
happens. What effect does SW1 have? . Depress 
the B logic switch while the counter is counting. What happens? 

. Return the counter input to the A output of the logic switch. 


Discussion of Steps 1 through 7 


In Step 1 you constructed a four-bit binary counter using JK flip-flops. This is a 
binary up counter of the asynchronous or ripple type since the normal output of 
one flip-flop is connected to the toggle (T) input of the next flip-flop. 


When you apply power to the circuit, the flip-flops can come up in any random 
state. In Step 3 you used the B logic switch to reset the counter. The B output 
normally rests high so that it has no effect on the asynchronous clear inputs (C) of 
the flip-flops. When the switch is depressed, B goes low thereby putting all flip- 
flops into the binary 0 state. The counter resets on the leading edge of the B signal. 


Next, you stepped the counter with the A logic switch, noted the output states on 
the LED indicators and recorded them in Table I. The counter is stepped or 
incremented on the trailing edge of the A input signal. The count input from A is 
normally low. When you depress the A logic switch, A goes high and a leading 
edge is generated. When you release the A logic switch, A goes low and a trailing 
edge is generated. Thus, the counter is incremented. By studying the data in Table 
I you can see that the counter generates a pure 8421 binary code. 


An important observation you made in Step 5 was the recycling of the counter 
from state 1111 to 0000 when the 16th input pulse was applied. 


Next, in Step 6 you let the 1 Hz clock signal step the counter automatically. The 
States change slowly enough for you to see each one, and thus become familiar 
with this very common count sequence and the recycling step. 


You should have found in Step 7 that you could stop the counter from counting in 
two ways. First, by setting data switch SW1 to the binary 0 position, the counter 
stops. What you did was to make the J and K inputs of the A flip-flop binary 0 and 
thereby inhibit its operation. Because the counter is the ripple type, if A doesn’t 
toggle, neither will any of the other flip-flops. The counter simply retains the last 
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State it was in prior to making the JK inputs low. Putting SW1 back in the binary 1 
state allows the counter to resume counting. 





You can also stop the counter by resetting it. When you depressed the B logic 
switch, the counter cleared. As long as the B switch is actuated, the clock pulses 
have no effect. The asynchronous clear inputs override the effect of the clock. 


Procedure (continued) 


8. Modify the counter to conform to the circuit in Figure E7-64. Be careful in 
making your wiring changes to avoid errors. 


Study the counter circuit you have just wired. What kind of counter is it? 
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Figure E7-64 
Experimental Circuit for Steps 8, 9, and 10. 


9. Apply power and note the counter output state. 
DCBA = 
Now momentarily depress the B logic switch. Record the counter output state. 


DCBA = 





What happened here? 





10. Record the counter state obtained in the latter part of Step 9 in the first posi- 
tion of Table II. Use the A logic switch and step the counter. In Table II, record 


the counter state after each actuation of switch A. Continue stepping the counter 
until you fill Table II. 
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11. Convert the binary numbers you recorded in Table II into their decimal equiva- 
lents and record them in the far right hand column of Table II. 


12. Observe your data in Table II. What kind of counter is this? 
Does this confirm your answer in Step 8? 


13. Connect the counter input to the CLK output (1 Hz) as you did in Step 6. Let 
the circuit count. As you do, observe the output States and compare them to 
your data in Table II. Let the counter run for a while until you see the count 
pattern or sequence. 


14. While the counter is stepping, set the SW1 logic switch to binary 0. Note the 
result. Next, while the counter is stepping, depress the B logic switch. What 
happens in each case? 





Discussion of Steps 8 through 14 


In Step 8 you constructed a binary down counter. The complement output of each 
flip-flop is connected to the T input of the next in sequence. As input pulses are 
applied, the counter is decremented. Each input pulse decreases the number in the 
counter by one. When the count is reduced to 0000, it will recycle to its maximum 
count (1111) when the next clock pulse is applied. 


You should have found in Step 14 that this down counter circuit responds to the B 
logic switch (reset) and SW1 data switch exactly like the binary up counter. 


Procedure (continued) 


15. Wire the counter circuit shown in Figure E7-65. Use a 74LS193 IC (443- 
815). Be sure to connect +5 volts to pin 16 and ground to pin 8. The pin 
connections for the 74LS193 IC are shown in Figure E7-66. You will step the 
counter with the A logic switch and reset it with the B logic switch. The data 
switches SW1 through SW4 serve as a parallel data source for presetting the 
counter. 


16. Apply power to the circuit. If the state of the counter is other than 0000, reset 
it with the B logic switch. Step the counter 16 times with the A logic switch. 
Note the output states on the LED indicators after each step. Compare the 
States to those you recorded in Table I. 


What type of count sequence does this IC counter generate? 
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Figure E7-65 
Counter circuit using a 74LS193 IC. 
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Figure E7-66 
Pin connections for 74LS193 IC 
binary up/down counter. 


17. Reverse the wires at pins 4 and 5 of the IC. Reset the counter with the B logic 
switch. Apply 16 pulses with the A logic switch and observe the counter out- 
put states. Compare them to the data you recorded in Table II. What kind of 
count sequence is generated? 
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18. Remove the wires connected to pins 4 and 5 of the IC. Connect pin 4 to +5V 
and pin 5 to CLK. Be sure the clock frequency is set to 1 Hz. Connect a DC 
voltmeter between GND and pin 12 of the IC. Set the meter for a reading in 
the 0 to +5 volt range. 





19. Note the voltmeter reading as the counter is stepped by the clock. Record 
below. At some point in the count cycle, the voltage at pin 12 will change 
momentarily. When it does, note the new output voltage and the binary state 
of the counter during the change. Record below. 


Voltage at pin 12 before the change (during counting) volts. 
Voltage at pin 12 after the change (momentary) volts. 
Binary Code DCBA = (during momentary change) 


20. Reverse the wires at pins 4 and 5 of the IC. Connect the voltmeter to pin 13. 
Repeat step 19. Record the data below. 


Voltage at pin 13 before change (during counting) volts. 
Voltage at pin 13 after change (momentary) volts. 
Binary Code DCBA = (during momentary change) 


21. Remove the wires at pins 4 and 5 of the IC. Connect pin 4 to +5V and pin 5 to 
the A output of logic switch A. Remove the wire between B and pin 14 on the 
IC. Connect pin 14 to ground. Connect B to pin 11. The DC voltmeter can also 
be removed at this time. 





22. Set all of the data switches (SW1-—SW4) to binary 1. Depress the B logic switch. 
Note the output state of the counter. 


DCBA = 


Next, set all data switches to binary 0. Depress the B logic switch and observe 
the LED indicators. 


DCBA = 
Set the data switches to the words as follows. After each word is set into the 
switches, depress the B logic switch and note the counter state of the LED 


indicators. Compare this state to the data switch settings. 


SW1SW2SW3 SW4 
O 1 0 l 


1 O0 7 0 
1 0 0O 1 
O 1 l 0 
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What conclusion can you draw from this step? What function is taking place? 








23. Leave the data switches set to 0110. Depress the B logic switch. Note the 
counter state. Then start stepping the counter with the A logic switch. What 
happens? 


Discussion of Steps 15 through 23 


The 74LS193 is a TTL, MSI, up/down counter. It operates synchronously and can 
be preset (parallel loaded) from an external 4 bit data source. In Step 15 you wired 
this IC as an up counter. The counter is cleared when B switches from low to high. 
The counter is incremented when the A logic switch is actuated. The state change 
occurs on the binary 0 to binary 1 (leading edge) transition of the A signal. As you 
determined by observing the outputs, the 74LS193 counts in pure binary code. The 
Outputs should be identical to those you recorded in Table I. 


In Step 17 you applied the logic switch A count pulse to the down count input. 
With this connection, the counter is decremented each time you press the logic 
Switch. Your count sequence should have been identical to the sequence you re- 
corded in Table II. 





In Steps 18, 19, and 20, you determined the operation of the carry and borrow 
outputs. The counter was stepped by the 1 Hz clock and you monitored the outputs 
with a DC voltmeter. During the up count sequence in Step 19, the carry output 
should have been high (about +3.5 volts). When the 1111 state occurs, the carry 
Output should go low (about +0.1 volt) momentarily. The carry output indicates 
that the maximum counter value has been reached. 


In the down count sequence in Step 20, you monitored the borrow output at pin 13 
with the voltmeter. This output should also be high during the count. But when the 
0000 state is reached, the borrow output goes low momentarily. The borrow output 
detects the minimum counter value. To cascade 74LS193 counters, the carry and 
borrow outputs of one counter are connected to the up and down count inputs, 
respectively, of the next counter in sequence. 


In Steps 21, 22, and 23 you demonstrated how the counter could be preset. The 
data switches served as your 4-bit parallel source, and you wired the B logic switch 
to the load input control (pin 11). You should have found that the counter state 
became the same as the data switch state when the B logic switch was depressed. 
You parallel loaded the data switch word into the counter. The first important point 
to remember ts that the counter assumed the state of the parallel inputs regardless 
of its previous contents. In other words, you did not have to reset the counter prior 
to presetting it. Second, the loading occurs when the load input at pin 11 goes low. 





7-96 | UNITSEVEN | 


Finally, in Step 23 you stepped the counter after presetting it to 0110. Each actua- 
tion of the A logic switch should have incremented the counter. This illustrates that 
the count sequence simply starts at the preset point and continues in the normal 
binary sequence. The same applies for down counting. 





Remember these operating details of the 74LS193 counter as you will use it later 
in demonstrating counter applications. 
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EXPERIMENT 13 


The BCD Counter 


OBJECTIVE: To demonstrate the operation of an inte- 
grated circuit BCD counter. 


Materials Required 


Heathkit Digital Design Experimenter ET-3200 
1 — 74LS90A (443-813) TTL BCD counter 


Procedure: 


14. Wire the circuit shown in Figure 7-67. You will use a 74L590A 
TTL MSI decade counter. You will step the counter from logic 
switch A. The counter will be reset by using data switch SW1. 
You will demonstrate the preset to nine operation using data 
switch SW2. The counter states will be shown on the LED indi- 
cators. Be sure to connect +5 volts to pin 5 and ground to pin 
10 on the IC. The pin connections for this device are shown in 
Figure 7-68. 


LED INDICATORS 


HOHDE 





FROM +5V 
LOGIC 
SWITCH 
A A 14 10 
GND 
3 7 
SW1 SW2 = = NC V — 
RESET PRESET TO 9 PUT * ee z i 
gz Qz Qz Qz 
FROM DATA 
SWITCHES 
Figure 7-67 Figure 7-68 
Circuit for BCD counter Pin connections 74LS90A counter. 


demonstration. 
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2. Be sure the data switches SW1 and SW2 are in the binary 0 posi- 
tion. Next, apply power to the circuit. Observe the states on the 
LED indicators. Momentarily move SW1 to the binary 1. position 
and then back to binary 0. Note the effect on the counter state. Re- 
cord the number in the binary counter before and after you actuate 





data switch SW1. 
TABLE III DCBA=—— —— —— (before) 
DCBA =_____s(aftr) 


Dc BIA Decimal 





3. In the first position of Table III, record the counter state that you 
observed after actuating SW1 in Step 2 above. Then step the 
counter with the A logic switch. After each actuation of logic 
switch A, note the LED indicator states and record them in Table 
If. Apply a total of ten input pulses with the A logic switch and 
complete Table III. Note particularly the counter state change 
when the 10th input pulse is applied. 


4. Convert the binary numbers you recorded in Table III into their de- 
cimal equivalent and write them into the spaces provided in Table 
IMI. Then observing the data in Table III, verify the operation of the 
counter. What type of counting function does this IC perform? 





5. Momentarily move SW1 to binary 1 position and return it im- 
mediately to binary 0. Then set SW2 to the binary 1 position 
momentarily and then return it to binary 0. Note the effect on the 
output state and record the counter contents below. 


DCBA=——  ě (SW1) 
DCBA=——— — (SW2) 


Alternately set SW1 then SW2 to binary 0 several times to be sure 
that you see what effect that these two inputs have. 


6. Remove the wire connecting pin 14 of the IC to the output of the 
A logic switch. Connect pin 14 to the CLK output. Set the clock fre- 
quency to 1 Hz. Let the clock step the counter. Observe the counter 
steps and follow the sequence by referring to the states you ob- 
tained and recorded in Table III. Let the counter cycle for awhile 
to be sure that you see and understand the count sequence that it 
produces. 


7. Remove the connections from the counter to LED indicators L2, 
L3, and L4. Only indicator L1 should be connected to the IC 
counter. When you’re removing these connections, be sure to re- 
tain the connection between pins 1 and 12 on the IC. The L1 
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indicator that you have left connected is monitoring the most 
significant bit of the counter. Remove the connection between 
pin 14 on the IC and the CLK output. Connect pin 14 to the 
A output terminal of logic switch A. 





8. | Momentarily set SW1 to the binary 1 position. Then apply logic 
count pulses to the counter by actuating the A logic switch. Count 
the number of pulses that you apply to the circuit. While you 
are doing this, monitor the output state of L1. Each time that 
L1 turns on and then off, indicate its occurrence by marking a 
1 in the margin of the page. At that time also note the number 
of input pulses that have been applied to the counter up to that 
point. Each time L1 turns on and then off, start the input count 
over again. How many input pulses occur for each single output 
pulse? 


Discussion 


In this experiment you demonstrated the operaton of the 7490A TTL 
MSI BCD counter. As you should have discovered from evaluating the 
count sequence you recorded in Table III, this circuit counts in the 
standard 8421 BCD code. When the circuit reaches its maximum count 
of 9 (1001) the next input pulse causes the counter to recycle to 0000. 
The states 1010 through 1111 are invalid in a BCD counter. 





You used data switch SW1 to reset the counter to 0. When power is 
first applied to the counter it can come up into any state. By momentar- 
ily putting SW1 in the binary 1 position, the counter should reset to 
0. 


You demonstrated how data switch SW2 could be used to preset the 
counter to 9. When SW2 is momentarily moved to the binary 1 position, 
the counter is preset to 9 (1001). The preset to 9 operation is not a 
widely used counter function. However, it is used in some applications 
where certain arithmetic operations with BCD numbers are carried out 
with the counter. 


In Steps 7 and 8 you demonstrated that the frequency counter divides 
by 10. Such a counter is generally referred to as a decade counter. 
The divide by 10 action is demonstrated by the fact that you should 
have recorded a change in the L1 output indicator for every 10 input 
pulses. With the counter starting at binary 0, the L1 indicator which 
monitors the D flip-flop output remains reset for the first 7 input pulses. 
On the eighth input pulse, the L1 indicator lights indicating that the 
D flip-flop has been set. Upon application of the 10th input pulse, 
the L1 indicator switches off. As you can see from the truth table you 
developed in Table III, the D flip-flop is set for two counts. The D 
flip-flop sets and then resets every 10 input pulses. 
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EXPERIMENT 14 





Counter Applications 


OBJECTIVE: To demonstrate several practical applica- 
tions for binary and BCD counters. 


Materials Required 


Heathkit Digital Design Experimenter 
1 - 74LS00 TTL IC (443-728) 

1 - 74LS04 TTL IC (443-755) 

2 - 714LS76 TTL IC (443-829) 

1 - 74LS90 TTL IC (443-813) 

1 - 74LS193 TTL IC (443-815) 


Procedure 





1. Refer to the experimental circuit in Figure E7-69. This is a scaler circuit using 
counters. Study the circuit and determine the ratio by which it divides the 
input frequency. In the spaces provided below, record the input frequency and 
the frequencies at points X, Y, and Z in the circuit. Refer back to the appropri- 
ate sections in the unit or previous experiments, if necessary, to determine 
how the circuit operates. 


Frequency at: INPUT Hz 
X Hz 
Y Hz 
Z Hz 


2. Construct the circuit shown in Figure E7-69 (on the ET-1000 Trainer, the in- 
put is taken from the square wave generator set to 60 Hz.) As before, take your 
time to be sure that the circuit is wired correctly. As the experiments become 
more sophisticated, the number of integrated circuits to be interconnected in- 
creases. This also increases the chances of your making a wiring mistake. If 
the circuit does not perform properly, the first thing to check is your circuit 
wiring. Be sure that you have connected +5 volts and ground to each of the 
integrated circuits in the experimental circuit. 





3. To verify the operation of the circuit, apply power and observe the outputs Y 
and Z on LED indicators L3 and LA, respectively. The frequency of the output 
pulses at Z will be slow enough for you to count them. Count the number of 
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pulses at Z that occur in one-half minute using the second hand on your watch 
as a timing indicator. Record the number of pulses occurring in a half minute. 





What is the overall frequency division ratio of this circuit? 
What is the basic function of this circuit? 
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Figure E7-69 
Scaler circuit for Steps 1, 2, and 3. 


4. Refer to the circuit shown in Figure E7-70A. Study this circuit carefully, not- 
ing the function of each logic element in the circuit. Analyze the operation of 
the circuit. To do this, assume that the 74LS193 counter ts initially reset. Also, 
assume that the latch made up of gates 1 and 2 1s also initially reset so that the 
output at pin 6 of gate 2 is binary 0. Further assume that the operation of the 
circuit is started by actuating the B logic switch a single time. Finally, assume 
that the data switches are set so that SW4 = 1, SW3 = 0, SW2 = 1, and SW1 =0. 
Sketch the output of gate 4. 
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Figure E7-70A 
Experimental circuit for Steps 4 and 5. 


5. Construct the circuit shown in Figure E7-70A. The circuit will be driven by 
logic switch A. You will observe the output of the circuit on LED indicator 
L1. Set the data switches as indicated in Step 4. 


6. Apply power to the circuit. L1 should be off at this time. To start the operation 
of the circuit, depress logic switch B once. Then, while observing the L1 out- 
put, depress logic switch A several times. Count the number of pulses that 
occur on L1. Keep depressing logic switch A until L1 stops pulsing. How 
many output pulses occur before L1 remains off? 


Set the data switches so that SW4 = 0, SW3 = 0, SW2 = 1, and SW1 = 1. 
Record below, the binary and decimal numbers represented by this word. Mo- 
mentarily depress logic switch B. Depress logic switch A a number of times, 
again, count how many pulses occur at L1 before the pulses stop. 


Binary number 
Decimal number 
Pulses at L1 


7. Using the information that you collected in Step 6, compare the number of 
output pulses occurring on L1 with the decimal value of the binary number 


loaded into the 74LS193 counter. How are they related? What is the basic 
function of this circuit? 





Discussion 


The circuit shown in Figure E7-69 is a divide-by-60 scaler. It accepts the 60 Hz 
waveform from the line source output on the Trainer and divides it by 60. The Z 
output 1s '/6o of the input frequency, or 1 Hz. 
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The inverter (74LS04), connected between the line source and the input to the 
74LS90, serves only to buffer the ET-1000 Trainer’s square wave generator out- 
put. If you are using any other trainer, the inverter is not required. 





Close analysis of this circuit will show that the output at point X is '/10 of the input 
frequency, or 6 Hz. The 74LS90 decade counter is used as a divide-by-10 circuit. 


The first 74LS76 IC in the circuit is connected as a divide-by-3 (modulo 3) counter. 
The output at point Y then is '/3 of the frequency at point X or 6 + 3 = 2 Hz. This 
signal is applied to one of the JK flip-flops in the other 74LS76 IC. It divides the 
frequency of point Y by 2 to produce an output frequency of 1 Hz. The signal at Z 
is a 1 Hz square wave with a 50 percent duty cycle. 


Because the line source in the Trainer is derived from the 60 Hz power line, the 
input frequency is very accurate. The frequency of the power line voltage has an 
error typically less than 0.1 percent. For that reason, the output frequency at Z is a 
very accurate 1 second source. With a 50 percent duty cycle at the output, LED 
indicator L4 remains on for one-half second and then off another half-second. 


When you counted the number of output pulses on L4 occurring in one-half minute, 
you should have recorded a value of 30. One-half minute, of course, is equal to 30 
seconds and a 1 Hz signal will cause 30 pulses to occur during that period of time. 





The circuit in Figure E7-70A is designed to generate a fixed number of output 
pulses upon command, and then, automatically stop. The number of output pulses 
to be generated by the circuit is determined by the binary number input set into the 
data switches. For example, you set in the binary number 0101, which is the binary 
equivalent of the decimal number 5. When the B logic switch is actuated and the A 
logic switch is pulsed, the circuit will generate 5 output pulses and then stop. These 
output pulses occur at the rate logic switch A is pulsed. You observed them on LED 
indicator L1. The waveforms produced by this circuit are illustrated in Figure E7-70B. 


B | | 
OUTPUT 
GATE 2 
OUTPUT 
GATE 4 
(L1) 
BORROW : | | 


Figure E7-70B 
Waveforms for the circuit in Figure E7-70A. 
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Here’s how the circuit operates. 





Assume that the 74LS193 binary counter Is initially reset. Note that it is wired as a 
down counter—the count pulses are applied to the down count input at pin 4. An- 
other clue that this device is being used as a down counter is the use of the borrow 
output. The borrow output is effective only in the down counting mode. Assume 
also that the latch circuit, made up of gates 1 and 2, is also reset. This means that 
the output of gate 2 is low. This low output inhibits the AND gate, made up of gates 
3 and 4, in the 74LS00 IC. The pulses from logic switch A step the counter only 
when gate 3 is enabled. 


The signal from the B logic switch is used to initiate the circuit operation. When 
the B logic switch is depressed, the B output goes low. This signal causes two 
things to happen. First, it forces the load input on the 74LS193 low, thereby preset- 
ting the counter to the binary number set on the data switches, in this case, 0101. At 
the same time, this signal sets the latch made up of gates 1 and 2. With the latch set, 
the output of gate 2 is high. Gate 3, therefore, is enabled and pulses pass through 
gate 3 and gate 4 (which is connected as an inverter) and cause the counter to step. 
The counter counts down, starting at its preset number 5. The counter continues to 
step until the O condition is reached. At this time, the borrow output line goes low 
causing the latch to reset. As the latch resets, gate 3 is again inhibited and the 
pulses no longer reach the counter. 





During the time that the counter is decrementing, LED indicator L1 monitors the 
pulses occurring at the output of inverter 4. Because it takes five pulses to decre- 
ment the counter to 0, this LED indicator will switch off and on five times. This 


indicates that five output pulses occurred, corresponding to the binary number pre- 
set into the counter. 


You again demonstrated the operation of the circuit by programming the counter 
with the number 1100 or decimal 12. When the B logic switch is actuated, the 
circuit generates 12 output pulses before it stops. 


The number of output pulses generated by this circuit is limited by the count capa- 
bility of the 74LS193 counter. Its maximum count is 1111 or 15. In order to extend 
this to larger values, additional 74LS193 counters can be cascaded to accommo- 
date the desired number of pulses. 
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EXPERIMENT 15 


Shift Registers 


OBJECTIVES: To demonstrate the operation and charac- 
teristics of bipolar integrated circuit shift 
registers. 


Materials Required 


Heathkit Digital Design Experimenter ET-3200 
1 — 74LS04 IC (443-755) 
2 — 74LS76 IC (443-829) 
1 — 74LS95 IC (443-814) 


Procedure 


1. Construct the four bit shift register circuit shown in Figure 7-71. 
You will use two type 74LS76 dual JK flip-flops. Shift pulses for 
the circuit will be derived from logic switch A. Logic switch B is 
connected to reset the shift register via the asynchronous clear in- 
puts on the flip-flops. The serial input to the shift register will 
come from data switch SW1. Note that one of the inverters in a 
74LS04 IC is used to make the JK inputs of the first flip-flop com- 
plementary. The shift register outputs will be monitored on the 
LED indicators. Don’t forget to connect +5 volts and ground to 













each IC. 
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Figure 7-71 


Shift register demonstration circuit. 
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2. Apply power to the circuit. Reset the shift register by actuating the 
B logic switch. Set data switch SW1 to the binary 1 position. Then 
using the A logic switch, apply 4 shift pulses. Observe the LED 
indicators as you do. Record the binary value of the register con- 
tents after four shift pulses. 


ABCD = 


Next, set the SW1 switch to binary 0. Again apply four shift pulses 
with the A logic switch. Again record the binary contents of the 
register. 


ABCD = 


3. Using the SW1 data switch and the A logic switch, load the shift 
register by using the step by step procedure given below. 


SW1 = 1, depress switch A 
SW1 = 0, depress switch A 
SW1 = 1, depress switch A 


SW1 = 0, depress switch A 


After you have loaded the shift register, observe the LED indi- 
cators and in the space below write the decimal equivalent of the 
binary number in the shift register. 


Decimal number = 


Discussion of Steps 1 through 3 


In these steps you constructed a four bit shift register with JK flip-flops. 
You loaded data into the shift register serially using data switch SW1 as 
your data source. A single bit of information was entered into the shift 
register with each actuation of the A logic switch. As the bits were en- 
tered into the A flip-flop, they were shifted to the right one bit at a time 
for each shift pulse. 


The 74LS04 inverter is used to convert the data from SW1 into two com- 
plementary signals which are applied to the JK input of the input (A) flip- 
flop. The JK inputs must always be complementary in a shift register 
using a JK flip-flop. 
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In Step 2 you applied a binary 1 to the shift register input. Then ac- 
tuating the A logic switch four times, you generated four shift pulses 
which loaded the shift register with binary 1s. As you generated the 
shift pulses, you should have noted the entry of the first binary 1 bit 
into the A flip-flop and with the second shift pulse, the shifting of 
the data to the right until the register was full (1111). Next, you set 
the input to binary 0 and then loaded the register with binary Os with 
four shift pulses (0000). As the binary Os were loaded, the binary 1 
bits in the register were shifted out. 





In Step 3 you loaded the binary number 0101 into the register a bit 
at a time by setting SW1 to the desired state and then depressing a 
logic switch to generate a shift pulse. While the bit pattern in the 
shift register is easy to identify by simply observing the LED indi- 
cators, you cannot convert that bit pattern into its decimal number 
equivalent unless you know which bit is the LSB. Since this informa- 
tion was not given, your answer could have been either 0101 = 5 or 
1010 = 10. In a binary counter the least significant bit is readily 
identified since it is the flip-flop to which the input or count pulses 
are applied. With this information you can always determine the 
value of the number in the counter. With the shift register, however, 
the input flip-flop may not necessarily be the least significant bit. We 
could also assign the right most or serial output flip-flop as the least 
significant bit. The choice of weight for the input and output flip- 
flops is up to the designer and will depend upon his application. For 
a large percentage of applications, the input flip-flop contains the 
most significant bit while the output flip-flop contains the least sig- 
nificant bit. In other words, data is entered into the shift register be- 
sinning with the least significant bit. As data is shifted out of the 
shift register the least significant bit is shifted out first. Unless other- 
wise stated, we will use that convention here. As you can see from 
the demonstration described here, the shift register does perform a 
serial to parallel conversion. Data is entered serially from the SW1 
data switch and then displayed in parallel on the LED indicators. 
Data can also be entered serially with SW1 and read-out serially by 
simply observing the state of L4. 
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Procedure (continued) 





4. Construct the shift register circuit shown in Figure 7-72. At this 
time you can disassemble the shift register circuits used in the 
previous steps. The shift register shown in Figure 7-72 is a 74ŁLS95 
IC. This is an MSI shift register already completely wired inter- 
nally and ready to use. The flexibility of the input/output leads 
permits this device to be used for a wide variety of functions. It 
eliminates the need to interconnect individual flip-flops to per- 
form shift register operations. As before you will use the LED indi- 
cators to observe the shift register contents. Data switches SW1 
through SW4 will be used as a parallel data source for the shift 
register. Logic switch A will be used to generate the shift pulses 
in the previous steps. Logic switch B will serve as a mode control 
for the circuit. Don’t forget to connect +5 volts and ground to the 
74LS95 IC. 





74L$95 





FROM DATA 
SWITCHES 


Figure 7-72 
74LS95 MSI shift register 
circuit for Steps 4 and 5. 
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5. Apply power to the circuit. As before, the flip-flops in the shift reg- 
ister can come up into any state. Disregard the LED indicators 
states at this time. Set all of the data switches to binary 0. Then de- 
press the B logic switch and hold it in the down position. Then 
momentarily depress the A logic switch. Note the LED indicator 
states and record below. 





DCBA = 


Next, set all of the data switches to binary 1. Again depress the B 
logic switch. Holding it in the low position, actuate the A logic 
switch momentarily. Release both switches. Observe the LED indi- 
cator states and record the binary number below. 


DCBA = 
Depress the A logic switch four times and note the LED indicator 
states. After you have applied four shift pulses, record the LED in- 


dicator states below. 


DCBA = 





Discussion of Steps 4 and 5 


In Step 5 you demonstrated how a shift register can be preset by parallel 
loading it from some data source. In this case the data source was the data 
switches SW1 through SW4. First, you set the data switches to binary 0. 
You then loaded the binary number 0000 into the register. You did this 
by setting the mode control high by depressing the B logic switch. Then 
you generated a single clock pulse by depressing the A logic switch. The 
A logic switch generates a clock pulse that causes the parallel input to 
be preset into the register. 


The 74LS95 shift register has a mode control input line terminated at pin 
6. When this mode control input line is binary 0, the shift register is set 
up for shift right operations. When the mode control input line is binary 
1, the shift right function is disabled and the circuitry for parallel loading 
the shift register from an external source is enabled. What you did when 
you depressed the B logic switch is to set the mode control line high. 
Then you actuated the A logic switch to generate the clock pulse that ac- 
tually loads the register. 
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Next, you set the data switches to binary 1. Again, using the A and 
B logic switches you preset the register. The number in the register 
at this time should be 1111. Finally, you applied four shift pulses 
with the A logic switch. This caused the binary 1111 to be shifted 
out serially to the right. After the four shift pulses were applied, the 
register contents should have been 0000 since the serial input (pin 
1) is low. In this step then you demonstrated how the shift register 
can be parallel loaded and how this parallel data can then be shifted 
out serially. This demonstrated the parallel to serial data conversion 
process performed by a shift register. 





Procedure (continued) 


6. Modify your 74LS95 shift register circuit to conform to the config- 
uration shown in Figure 7-73. Here you are connecting the parallel 
data inputs back around to the outputs in order to permit the shift 
register to perform shift left operations. As before you will use the 
A logic switch to generate shift pulses. Data switch SW1 will be 
used for a serial data input for shift right operations. SW4 will be 
used as the data source for shift left operations. Switch SW2 will 
be used to control the mode of the circuit. The mode control will 
select either shift right or shift left operations. es 






74 LS95 
2 


A 
SERIAL INPUT 
FOR SHIFT 
RIGHT 
) 
swi i 
> 
6 
MODE CONTRO 
Sw2 
Figure 7-73 
Shift right/shift left 





circuit for Steps 6, 7, and 8. 
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Studying the circuit in Figure 7-73, determine the binary state of 
the mode control input to perform shift left operations. 


7. Set data switches SW1, SW2, and SW4 to the binary 0 state. Apply 
power to the circuit and depress the A logic switch four times. Re- 
cord the state of the LED indicators below. 


ABCD = 


Next, set switch SW1 to the binary 1 position. Depress the A logic 
switch four times. Note the direction of shifting as the shift pulses 
are applied. After four pulses have been applied, record the state 
of the register below. 


ABCD = 


8. Set SW1 to binary 0. Again depress the A logic switch four times. 
Note the direction in which the data shifts. Next, set SW2 to bi- 
nary 1, and the SW4 switch to binary 1. Apply four shift pulses 
with the A logic switch. Again note the direction of shifting, and 
record the contents of the register below. 


ABCD = 


Set the SW4 switch to binary 0 and apply two shift pulses. Note 
the direction of the shifting and record the LED indicator states in 
the space below. 


ABCD = 


Discussion of Steps 6, 7, and 8 


In these steps you demonstrated how the 74LS95 IC shift register can per- 
form both shift right and shift left operations. In Step 7 you shifted data 
to the right using SW11 as the serial input data source. First, you shifted 
in binary Os to clear the register then shifted in binary 1s. You then 
shifted out the binary 1s as binary Os were shifted in. During these shift- 
ing operations you should have noted that the data moves from left to 
right. The logic indicators have been wired so that they indicate the di- 
rection of shift directly. Data moves from flip-flop A to flip-flop B to flip- 
flop C to D or from logic indicator L1 to L2 to L3 and finally to L4. All 
this occurs with the mode control in the binary 0 position. 


7-7 12 | UNIT SEVEN | | 


When the SW2 switch is placed in the binary 1 position, the register 
will be set up for shift left operations. The 74LS95 IC is internally 
wired to perform shift right operations automatically. By simply en- 
abling the mode control with a binary 0 the shift right function is 
performed. However, the shift left operation must be externally wired 
if it is to occur. The shift left operation is implemented by connecting 
the appropriate flip-flop outputs back to the parallel input lines. The 
parallel input lines permit the 74LS95 to be either preset from some 
parallel source or connected for shift left operations. Note in Figure 
7-73 that the D flip-flop output is connected to the C flip-flop input. 
The C flip-flop output is connected to the B flip-flop input. And fi- 
nally, the B flip-flop output is connected to the A flip-flop input. The 
D flip-flop receives its input from data switch SW4. This is the serial 
input line for the shift register when used for shift left operations. 
Now as shift pulses are applied, data will move from SW4 to the D 
flip-flop then to C, B, and then A. You demonstrated the shift left ef- 
fect by loading all binary 1s into the register. As you did you should 
have seen the LEDs light from right to left indicating a left shift. You 
then applied two shift pulses with the SW4 switch set to binary 0. 
This causes binary Os to be loaded into the C and D flip-flops. The 
binary 1s stored in those two flip-flops previously are shifted to the 
A and B flip-flops. Therefore, the binary number stored in the register 
after the two pulses are applied will be 1100. 








This completes your work for Experiment 15. Do not disassemble 
your shift register circuit as it will be used in the next experiment. 
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EXPERIMENT 16 





Shift Register Applications 


OBJECTIVES: To demonstrate several practical applica- 
tions of integrated circuit shift registers. 


Materials Required 


Heathkit Digital Design Experimenter ET-3200 
1— 74LS04 IC (443-755) 
1 —74LS95 IC (443-814) 


Procedure 


1. For this experiment you will use the 74LS95 shift register circuit 
you constructed in Experiment 15. As you recall the register was 
wired for both shift right and shift left operations. To perform the 
next step you do not need to make any further modifications to 
the circuit. The circuit is repeated in Figure 7-74. 


£ 
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Figure 7-74 
Shift right/shift left 
circuit for Steps 1 through 5. 
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2. Set the SW2 switch to binary 1. SW1 should be set to binary 0. 
Set SW4 to binary 0 and depress the A logic switch 4 times. The 
register is set up for shift left operations and this step should 
clear the register to O. 





Next set SW4 to binary 1. Depress the A logic switch two times. 
Record the binary number stored in the register. Assume that the 
D flip-flop (indicator L4) is the LSB. 


ABCD = ____ 
Decimal value = 


Now set SW4 to binary 0. 


Depress the A logic switch once and again note the contents of 
the register. Record it and its decimal equivalent below. ABCD = 
——___________, decimal value = __.__________. Again depress 
the A logic switch a single time. Record the binary and decimal 
equivalent of the register contents. 

ABCD = ____ Cs decimal value = 


3. Study the data you obtained in Step 2 above. Determine the re- 
lationship between the numbers obtained when the register was 
loaded and as it was shifted to the left. What mathematical opera- 
tion was performed by the shift left operation? 





4. Set SW2 and SW4 to binary 0. The SW1 switch should also be 
at O at this time. Clear the register by pressing the A logic switch 
4 times. Next, load the register by following the step by step in- 
structions below. 


SW1 = 1, Depress the A logic switch 
SW1 = 0, Depress the A logic switch 
SW1 = 1, Depress the A logic switch 
Set SW1 = 0 


Record the binary contents of the register and its decimal value 
below. Again use the D flip-flop (indicator L4) as the LSB. 

ABCD = ____sesees decimal value = __ —ć— 
Depress the A logic switch once. Note the binary value of the reg- 
ister contents and record it in its decimal equivalent below. 
ABCD = _____—", decimal value = 


5. Study the data that you obtained by the shift right operations you 
carried out in Step 4. What mathematical operation is performed 
when a shift right operation occurs? 
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Discussion of Steps 1 through 5 





In these steps you demonstrated how a shift right/shift left circuit 
could be used to perform multiplication and division operations on 
binary numbers. In Step 2 you loaded the decimal number 3 into the 
shift register. Then you shifted it to the left one step. Evaluating the 
number in the register you saw that it was 6. Shifting the number one 
more bit position to the left produced the binary number 12. Your 
conclusion from this is that with each shift left operation the number 
stored in the register was multiplied by 2. Here, you shifted the 
number 3 two positions to the left producing a total multiplication 
factor of 2° = 4. 


Next, you set up the shift register for producing a shift right opera- 
tion. You initially loaded the binary number 1010 into the register. 
Of course, this is the binary equivalent of the decimal number 10. 
You then applied a single shift pulse and caused the number to be 
shifted to the right. Evaluating the new number you found it to be 
0101 or 5. Here shifting a number to the right causes that number to 
be divided by two for each shift right. The original number in the reg- 
ister is divided by a number equal to 2‘ where N is the number of 
positions shifted to the right. 





A shift right/shift left shift register is easy to use for scaling opera- 
tions involving the multiplication or division of number by some 
power of 2. 


Procedure (continued) 


6. Next, you are going to demonstrate how the data in a shift regis- 
ter can be recirculated by feeding the serial output back to the 
serial input. This permits the data to be shifted out serially for 
use in some external source but the data will still be retained 
since it is recirculated. 


Modify vour 74LS95 shift register circuit so that it appears as 
shown in Figure 7-75. Note that the output from the D flip-flop 
is fed back to the serial input of the shift register at pin 1. You 
will use the data switch SW1 as the mode control and SW4 will 
serve as an additional serial input. The logic control gating at the 
input to the A flip-flop permits either of two data sources to be 
shifted into the register, that from pin 1 and that from pin 2. 





7-116 | UNIT SEVEN 








PIN 13 





Figure 7-75 
Write/recirculate shift 
register circuit for Steps 6 through 9. 


7. Set SW1 to binary 1 and SW4 to binary 0. Depress the A logic 
switch four times. This should clear the register and the other in- 
dicators should be off. 


Next, set SW4 to binary 1. Depress the A logic switch two times. 
In the space provided below, record the binary number stored in 
the register. 


ABCD = 


Next, set SW1 to binary 0. Then depress the A logic switch four 
times. For each shift pulse, note the position of the binary 1 bits 
on the LED display. Record the state of the register contents after 
four shift pulses have been applied. 


ABCD = 
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In Table I, record the state of the shift register contents as indi- 
cated by the LED indicators. Then after each clock pulse, again 
record the four bit register state. Complete the table as indicated. 





8. Study the information you recorded in Table I. From this infor- 
mation determine the operation of the circuit. Refer back to Fig- TABLE I 
ure 7-75 if necessary to see how the circuit operates. Is the data 
in the shift register lost or retained as a result of shifting the 
data? 


9. Set the SW1 mode control switch to binary 1. Set SW4 to binary 
0. Again apply four shift pulses with the A logic switch. Note the 
contents of the register after the four shift pulses have been ap- 
plied and record the register state below. 





ABCD = 


As a result of the operation above, was data lost or retained as 
a result of the four shift pulses? 


Discussion of Steps 6 through 9 





In these steps you demonstrated how data can be recirculated in the 
shift register in order that the contents be retained even when the 
data must be shifted out serially to another source. This is done by 
connecting the output of the shift register from the D flip-flop back 
around to the serial input to the A flip-flop at pin 1. With the mode 
control set to the binary 0 position, the shift register will perform a 
shift right operation. As the shift right operation is performed, the 
serial data appears a bit at a time at the normal output of the D flip- 
flop. But at the same time, this data is shifted back into the shift reg- 
ister. It takes four shift pulses to cause a single four bit binary word 
to be shifted out. After four shift pulses occur, the data is also shifted 
back into the register and is ready to be used again. 


When the mode control switch is set to binary 1, the serial data input 
at pin 1 on the 74LS95 IC is disabled. In this case, the input at pin 
2 is recognized. This permits an external serial data source to feed 
data to the shift register. In this case you used SW4 to provide data 
to the shift register. With the mode control input at binary 1, you can 
load a serial word appearing at pin 2 into register as shift pulses are 
applied. 
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An important point to note is that with the mode control in the binary 
1 state the parallel data inputs are enabled. The input to flip-flop A 
is used as the serial data source. But the other inputs must be connected 
to flip-flops A, B, and C respectively in order for a shift right operation 
to be performed with the mode control input high. 


In Step 7, you set the mode control to the binary 1 position and the 
SW4 switch to binary 0. This caused data (0000) to be loaded into 
the shift register from SW4. Next, you loaded two binary 1s by setting 
SW4 to binary 1 and depressing the A logic switch twice. This loaded 
the number 1100 into the register. 


Next, you set the mode control input to binary 0. This disables the 
serial input from SW4 and causes the data to recirculate. As you ap- 
plied four shift pulses, you should have observed the data shifting 
right out of the D flip-flop and then back around into the A flip-flop. 
After four shift pulses, the data is shifted out of the register but it 
is also recirculated. After four shift pulses, the contents of the register 
is still 1100. Your data in Table I should appear as shown in Table 
II. 





RECYCLE 


——> DIRECTION OF SHIFT 


Finally, you set the mode control switch to binary 1. This again en- 
ables the serial input from SW4. You then loaded binary Os with four 
shift pulses. As you loaded these Os you noticed that the binary 


number 1100 was shifted out serially and lost as the new number 
0000 was shifted in. 


A shift register when connected in this way forms what is known as 
a load/recirculate register. The mode control input line lets you put 
in data from an external serial source. In the recirculate mode it per- 
mits data to be shifted out and used externally but also recirculates 
it so that it is retained for another operation. 
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Procedure (continued) 





10. Using the recirculate register shown in Figure 7-75, clear the reg- 
ister by loading all 0’s. If the register is already at 0 then this 
operation is not necessary. To clear the register, set SW1 to bi- 


nary 1 and SW4 to binary 0. Then depress the A logic switch 4 
times. 


11. Next, set SW4 to binary 1. Depress the A logic switch once. Set 
the mode control switch SW1 to binary 0. Then begin depressing 
the A logic switch. Note the result. Continue depressing the A 
logic switch a number of times until you are fully aware of what 
the circuit is doing. 


Discussion of Steps 10 and 11 


In these steps you demonstrated the operation of the shift register as 
a ring counter. You cleared the register and loaded a binary 1 into 
the A flip-flop. You then set the mode control so that the shift regis- 
ter would recirculate. Then by depressing the A logic switch you 
were able to cause the binary 1 bit to move from one flip-flop posi- 
tion to the next and then recirculate. When used in this manner, the 
shift register is known as a ring counter. This ring counter makes an 
excellent sequencing circuit for driving digital circuits that require a 
time sequence of pulses. 
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Procedure (continued) 





12. Modify the shift register circuit so that it conforms to that shown. 
in Figure 7-76. The parallel data inputs will not be used in this 
step. The mode control input line is simply connected to ground. 
The output from the D flip-flop is connected through one of the 
inverters in a 74LS04 IC and then fed back around to the input 
of the shift register. 


1/6-74LS04 


74LS95 





Figure 7-76 
Shift register circuit for Steps 12 through 15. 


13. Study the circuit in Figure 7-76 and answer the following ques- 
tions. 


The circuit is set up to perform a shift (right, left) 
operation. 


The shift register circuit connected in this way is known as a 
counter. 
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14. Apply power to the circuit. Depress the A shift input switch until 
the shift register contains all 0’s. Record this state in the first po- 
sition of Table III. Next, depress the A logic switch and after each 
actuation record the shift register state in the sequential locations 
in Table III. Continue depressing the A logic switch one at a time 
and recording the register states until Table III is complete. 





TABLE III 





15. Disconnect the shift clock input lines at pins 8 and 9 on the 
74LS95 IC from the A logic switch output and connect them to 
the clock (CLK) output. Set the clock frequency to 1 Hz. Apply 
power to the circuit and observe the shift register output states. 
As soon as all the LED indicators show the register content to be 
0000, monitor the shift register states after each clock pulse and 
verify them against the data you collected and recorded in Table 
III. Continue to let the shift register circuit operate while observ- 
ing Table III. Be sure that you let the circuit run long enough so 
that you understand the operation that is taking place. 
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Discussion of Steps 12 through 15 





The circuit you constructed in Step 12 is a Johnson counter. Since 
the mode control input is set to binary 0 by grounding it, the circuit 
will perform a shift right operation. The circuit connection feeds the 
normal output of the D flip-flop through an inverter and applies the 
complement back around to the serial input of the shift register. This 
is the equivalent of connecting the normal and complement output 
of the shift register output flip-flop back around to the K and J inputs 
of the input flip-flop on a shift register as indicted previously in the 
unit. When we do this we form a switch tail or Johnson counter. 
Since the normal and complement flip-flop outputs of the JK inputs 
are not available, the arrangement in Figure 7-76 accomplishes the 
same effect. Essentially we invert the output of the shift register and 
feed it back to the serial input. The result is a four bit Johnson 
counter. Such a counter has 2 N discrete states where N is the 
number of flip-flops. Since we are using four flip-flops this circuit 
should have 8 discrete states. You verified this by stepping the 
counter and recording the flip-flop states in Table HII. You then ver- 
ified this operation by letting the counter operate automatically from 
the 1 Hz clock pulse. You should have found the shift N viiti 
to be like those indicated in Table IV. 





TABLE IV 
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EXPERIMENT 17 


Clocks and One Shots 


OBJECTIVES: To demonstrate the operation of several 
clock oscillator circuits and a retriggerable 
one shot multivibrator. 


Materials Required 


Heathkit Digital Design Experimenter ET-3200 
2 — MPS A20 transistors (417-801) 

1 — 150 ohm resistor 

2— 1k ohm resistors 

2 — 4.7 k ohm resistors 

2 — 1000 uF electrolytic capacitors 

1 —type 74LS04 TTL IC (443-755) 

1 —type 74LS123 TTL IC (443-942) 

1 — 47 k ohm resistor 


Procedure 


1. Construct the astable multivibrator circuit shown in Figure 7-77. 
Take your time in wiring the circuit to be sure that you do not 


make any wiring mistakes. You will observe the operation of this 
circuit on LED indicators L1 and L2. 


+5V 


M LK 4.7K $4.7K  $1K M 
AÀ ha) 
Ly 3 


< aene L) Do 
esan 7D 


(417-801) a 





/ 


Figure 7-77 
Astable multivibrator experimental circuit. 
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2. Using the component values indicated in Figure 7-77, compute 
the frequency of oscillation of this astable multivibrator circuit. 
Record your answer below. 





F= Hz 
Next, compute the period of oscillation for this circuit. 
Period = ———— ~~ seconds 
The duty cycle of this circuit will be 


3. Apply power to the circuit and observe LED indicators L1 and 
L2. Use the sweep-second hand on your watch to measure the 
period of oscillation. Record your measured value below and 
compare to the computed value you determined earlier. 


Period = ————— seconds 


Does the actual operation of the circuit correspond to the answers 
you gave in Step 2 above? Account for any discrepancv that vou 
might observe. 


4. Construct the clock oscillator circuit shown in Figure 7-78. You 
will use a type 74LS04 TTL hex inverter. Be sure to connect +5 
volts and ground to the integrated circuit. You will observe the 
circuit output on LED indicator L4. 





5. Apply power to the circuit. Measure the period of oscillation 
using the sweep-second hand on your watch and record below. 


Period = ——————— seconds 





Figure 7-78 
IC clock oscillator circuit. 
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Discussion of Steps 1 through 5 





In these steps you demonstrated two types of clock oscillators. The 
discrete component clock in Figure 7-77 is a standard astable multi- 
vibrator. The circuit should switch repeatedly between its two states 


as indicated by LED indicators L1 and L2. When L1 is on L2 will be 
off and vice-versa. 


Using the formula given earlier in the unit, the frequency of oscilla- 
tion should be about .154 Hz. This means that the circuit should have 
a period (time for one cycle) of approximately 1 + .154 or about 6.6 
seconds. This means that the circuit should change state every 6.6 
seconds. Each LED indicator will remain on for approximately 3.25 
seconds. This very low frequency of oscillation is caused primarily 
by the very high value of capacitance used in the circuit. Higher fre- 
quencies can be obtained by using smaller capacitor values. 


Your measured period may be somewhat different from your calcu- 
lated value. The formula given for computing the frequency is an ap- 
proximation to begin with, but the most likely cause for the differ- 
ence between your computed and measured values is the tolerances 
of the timing resistors and capacitors. Since both capacitors are the 
same and the base resistors are equal, the duty cycle of the circuit 
should be 50 percent. 





In Steps 4 and 5 you demonstrated a clock oscillator circuit made 
from TTL inverters. As indicated earlier in the unit, the period of os- 
cillation of the circuit is approximately 3 RC. Using the component 
values shown in Figure 7-78, the period of oscillation should be ap- 
proximately .45 second. This represents a frequency of 2.22 Hz. In 
other words, the LED indicator L4 should flash on and off once every 
45 seconds. Because of the asymmetrical nature of this circuit, the 
duty cycle will be less than 50 percent. 
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Procedure (continued) 


6. Disassemble the clock oscillator circuits you constructed in the previous 
steps. On the breadboarding socket of your Trainer, construct the circuit 
shown in Figure 7-79. This circuit uses the 74LS123 dual retriggerable 
one-shot. The circuit is wired so that the first one-shot will be triggered 
from the A logic switch. This one-shot will in tum trigger the second one- 
shot in the IC. External resistors and capacitors are used to set the duration 
of the pulses produced by each one-shot. You will monitor the one-shot 
outputs on LED indicators L1 and L4. Note that the logic switch output, 
B, is connected to the reset (C) input of the first one-shot. Don’t forget to 
connect +5 volts to pin 16 and ground to pin 8 of the IC. 


+5V L1 +5V 
y 1000uF 3 470 i iooour $ 47KO 
74LS123 16 
L) 
Hoere 
~ L 





Figure 7-79 


One shot experimental circuit. 


The pin connections for the 74LS123 IC are shown in Figure 7-80. The pulse 
duration produced by this one-shot is a function of the external component val- 
ues R and C and can be computed with the formula below. 


t = 0.33 RC 


In this formula the resistance value R is in kQ and the capacitance value C is in 
uF. The output pulse duration t will be in milliseconds. 
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Figure 7-80 
Pin connections for 
74LS123 dual retriggerable one shot. 


7. Using the formula, compute the pulse duration of each one shot in Figure 
7-79. Record your pulse durations below. The output pulse width of the 
first one-shot is t, and the output of the second one-shot is t. 





t= ms 
b= ms 


8. Study the circuit shown in Figure 7-79. Determine the operation of the cir- 
cuit. Assume that the circuit operation is initiated by actuating the A logic 
switch. Sketch the input and output waveforms for the circuit. 


Will the circuit be triggered when the A logic switch is depressed or 
released? 


9. Depress the A logic switch and release it. Note the LED indicators to see 
what operation occurs. Use the second hand of your watch to time the one 
shot output durations by observing L1 and L4. Repeat the sequence as of- 
ten as necessary to verify the operation of the circuit. 


Does the actual operation of the circuit correspond to your result in Step 
8? 


10. Momentarily depress and release the A logic switch. Note LED indicator 
L1. After a second or two, depress the B logic switch while noting L1 and 
L4. What happens? 
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11. Remove the input from logic switch A to pin 2 of the IC and connect pin 2 
to the clock output CLK. Set the clock frequency to 1 Hz and observe the 
L1 indicator. 


What is the state of L1? 
What does this state indicate? 


Discussion of Steps 6 through 11 


In these steps you demonstrated the operation of a retriggerable one-shot. The 
retriggerable function is not always used, and when it isn’t, this circuit performs 
like any other monostable multivibrator. The circuit you constructed receives a 
trigger pulse from the A logic switch. The A output normally rests in the low 
position. When the switch is depressed, A goes high and when it is released goes 
low again. It is on the low to high transition that the input one-shot is triggered. 
When it is triggered, LED indicator L1 will tum on. This output will remain on 
until the pulse duration specified by the extemal resistor and capacitor is com- 
pleted. According to the calculations using the formula given earlier, the pulse 
Output duration for this one-shot (t,) should be 15.5 seconds. 


When the input one-shot times out, its output will switch from high to low. This 
will trigger the second one-shot in the circuit. Its time constant is set to produce 
an output pulse (t,) of 1.55 seconds. Therefore, as soon as L1 tums off, L4 
should tum on for approximately 1.55 seconds and then go out. This sequence 
can be repeated by depressing the A logic switch again. 





The B logic switch is wired to the clear input of the first one-shot. If you trigger 
the circuit into operation with the A logic switch, the first one-shot will remain 
on for about 15.5 seconds. However, this timing interval can be terminated or cut 
short by applying a reset pulse with logic switch B. The moment the B logic 
Switch is depressed, the one-shot output will switch off. LED L1 will go out. 
This will immediately tngger the second one-shot and cause L4 to light for ap- 
proximately 1.55 seconds. Both operations could be terminated by connecting 
the B logic switch output to the clear input of the second one-shot as well. 
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The one-shot circuit that you demonstrated here shows how a delay function is 
implemented. The first one-shot produces a delay of over 15 seconds and the 
second one-shot generates a single output pulse 1.55 seconds long. The A logic 
Switch initiates the circuit operation, but it is the output of the second one-shot 
that is generally used to actuate an extemal circuit. See Figure 7-81. 





LOGIC LOGIC 
SWITCH A SWITCH A 
DEPRESSED | f RELEASED 
INPUT 8 | | 
X(L1) ff 


15.5 
o ion i 


1.55s 
(L4 ON) 


Figure 7-81 
Waveforms illustrating the operation 
of the experimental one shot circuit. 


Finally, you connected the input to the circuit to the 1 Hz output of your clock. 
Since the clock interval is approximately one second, the input one-shot will be 
repeatedly triggered. This will cause the output of the one-shot to tum on. Before 
the circuit can time out, the input will be triggered again. Therefore, the output 
of the first one-shot will remain on as long as the clock signal is applied. When 
the pulse duration of the one-shot is greater than the period of the input trigger- 
ing signal, the retriggerable feature comes into operation and will keep LED in- 
dicator L1 turned on. LED indicator L4 will remain off during this time since the 
second one-shot will not be triggered. 
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UNIT EXAMINATION 





The purpose of this exam is to help you review the key facts in this unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and work every 
problem first before checking the answers. 


1. Which ofthe following is not a sequential logic circuit? 
a. counter 
b. register 
c. NORgate 
d. oneshot 
e. clock 


2. A binary up counter with flip-flops FEDCBA (A = LSB) is preset 
to the 001101 state. After a number of input pulses are applied, the 
new counter state is 100011. How many pulses occurred? 





a. 13 
b. 22 i 
c. 26 
d. 35 
3. A binary counter with 8 flip-flops has a maximum counter capabil- 
ity of: 
a. 8 
b. 63 
c. 127 
d. 255 


4. A binary counter with 12 flip-flops will divide an input frequency 


by: 
a. 12 
b. 4096 
c. 8192 
d. 16384 
5. Another name fora BCD counter is: 
a. decade counter 
binary counter 
frequency divider 


C. 
d. shift register 
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6. Which of the following is an invalid code in a BCD counter? 





a. 0101 
b. 1001 
c. 1101 
d. 0001 


7. How many BCD counters does it take to count to 102557? 


a. 5 
b. 6 
cC. 12 
d. 24 


8. Two cascaded BCD counters divide an input frequency by: 


a 2 
b. 8 
c. 100 
d. 256 


9. The output frequency of the circuit in Figure 7-82 is: 


a 120KHz 
b. 240KHz 
c. 1.2 MHz 
d. 2.4MHz 








INPUT 
4.8 MH> 







DECADE 


OUNTER 
4 OUTPUT =? 


Figure 7-82 


Circuit for Question 9. 


10. An 8-bit binary up/down counter is initially preset to 10000001. 
Twenty-seven input pulses increment the counter. Fighty-eight 
pulses decrement the counter. The binary content then is: 

a. 10011100 

b. 01101001 

c. 10010110 

d. 01000100 














Sequential Logic Circuits: Counters, Shift Registers and Clocks | 1-1 33 


11. 


12. 


13. 


14. 


15. 


16. 


Clock pulses are applied simultaneous to all flip-flops in which of 


the following? 
a. synchronous binary counter 
b. BCDripple counter 
c. shiftregister 
d. oneshot 


How many BCD digits can be stored in an eight bit shift register? 
a. 1 


2 
c. 3 
d. 4 
An 8-bit shift right register contains the number 01011010. A 


binary 0 is applied to the serial input. After three clock pulses 
occur, the number in the shift register is: 


a. 11010111 
b. 00001011 
c. 11010000 
d. 11101011 


Parallel to serial data conversion can be performed by a: 
a. BCDcounter 


b. binary counter 
c. shift counter 
d. shiftregister 


An 8-bit shift register contains the number 00001000. Three clock 
pulses are applied shifting the word to the left. The operation per- 


formed is: 
a. multiplication by 3 
b. division by 3 
c. multiplication by 8 
d. division by 8 


The single input to a shift register is: 


a. serial 
b. parallel 

and the flip-flop outputs are: 
a. serial 


b. parallel 
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17. Which of the following is not a name for the circuit that generates 
pulses to operate a sequential circuit? 
a. oneshot 
b. clock 
c. astable multivibrator 
d. oscillator 





18. The circuit that can delay an input by a fixed duration each time 
it is triggered is called a(n): 
a. astable multivibrator 


b. monostable 
c. clock 
d. pulser 


19. Which of the following requires data recirculation and a continu- 
ous minimum frequency clock for proper operation? 
a. synchronous counter 
b. Johnson counter 
c. TTLshift register 
d. dynamic MOS shift register 
20. With external R and C values of 10K ohms and .0022 uf, the one 
shot in Figure 7-80 will generate an output pulse with a duration 





of: 
a. .005885 uS 
b. 5.885 nS 
Cc. 588.55 
d. 5.885mS 
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EXAMINATION ANSWERS 


1. c-NOR gate is not a sequential circuit. 


. b.-22. The counter is preset to 13. After the input pulses occur, 
the count is 35. Therefore, 35 — 13 = 22 pulses occurred. 


, 0-255. N = 28-1 = 28-1 = 256 -— 1 = 255 

. b.—4096 N = 2" = 21? = 4096 

. a.—decade counter 

. c.—1101 Numbers between 1010 (10) and 1111 (15) are invalid in 
BCD code. 

. b.—6 One BCD counter for each decimal digit. 

8. c.—100 Each BCD counter divides by 10. 

9. a—120 KHz The input flip-flop divides by 2, the decade counter by 

10, and the output flip-flop by 2 for a total division of 


2 X 10 X 2 = 40. The output is 4.8 MHz + 40 = .12 
MHz, or 120 KHz. 


10. d—01000100 The counter is preset to 129. Twenty-seven pulses in- 
crement this to 129 + 27 = 156. Eighty-eight pulses 
decrement this to 156 — 88 = 68(01000100). 
11. asynchronous binary counter 
c.—shift register 


12. b.—2 Each BCD digit has four bits. 
13. b—00001011 The shift sequence is: 


01011010 
00101101 OQ 
00010110 10 
00001011 010 





N 


Oo oO RAe OU 


N 





14. d.—shift register 
15. c.—multiplication by 8 
16. a.—serial 
b.—parallel 
17. a.—one shot All the others are some form of clock oscillator. 
18. b.—monostable (or one shot) 
19. d—dynamic MOS shift register 
20. b.—5.885 uS 


7 
t = .25RC(1 + = .25 (10)(.0022)(1.07) 


R 
t = .005885 milliseconds (mS) or 
5.885 microseconds (2S) 
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INTRODUCTION 


Combinational logic circuits are digital circuits that are made up of 
gates and inverters. The output of a combinational logic circuit is a 
function of the states of its inputs, the types of gates used, and how 
they are interconnected. As you saw in a previous unit on Boolean 
algebra, there are many different ways to interconnect logic gates to 
form combinational circuits. Any unique binary function can be im- 
plemented. 





An analysis of a wide variety of different types of digital equipment 
reveals that there are certain combinational logic circuits that regu- 

- larly reoccur. Despite the large possible number of combinational cir- 
cuits, most digital equipment can be implemented with just a few 
basic types. These circuits are called functional logic circuits. The 
most common functional logic circuits are decoders, encoders, multi- 
plexers, comparators, and code converters. 


In this unit, you are going to study the most common types of functional 
combinational logic circuits. You will learn how they operate and how 

they are used. You will see that even though you can construct these - 
common functional circuits from gates and inverters, in most cases 
these functional logic circuits are already available as a completely 
wired and ready to use MSI integrated circuit. The availability of these 
functional circuits in MSI form usually eliminates the need to design 
them. In designing digital equipment, you will find that the job is 
largely one of identifying the functional circuits, selecting appropriate 

MSI devices, and interconnecting them properly. 





The Unit Objectives outline specifically what you will learn in this 
unit. Review these now, then go on to the Unit Activity Guide for your 
specific instructions in completing this unit. 
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UNIT OBJECTIVES 


When you complete this unit you will be able to: 


1. 


Name at least seven different types of standard combinational or 
functional logic circuits. 


Write the output states of a decoder, encoder, multiplexer, demul- 
tiplexer, given the input states. 


Implement a decoder for any states with NAND or NOR gates. 
Name two applications for a multiplexer circuit. 


Write the output states of an exclusive OR and an exclusive NOR 
circuit given the input states. 


List three applications for the exclusive OR gate. 
Explain the operation of a read only memory. 
Give three applications fora ROM. 


Define a programmable logic array. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


C] Read “Decoders”. 

C] Answer Self Test Review questions 1-6 
C] Read “Encoders”. 

C] Answer Self Test Review questions 7-10 
[] Read “Multiplexers”. 

[] Answer Self Test Review questions 11-15 
C] Read “Demultiplexers”. 

[_] Answer Self Test Review questions 16-19 
[C] Read “Exclusive OR”. 

C] Answer Self Test Review questions 20-27 
C] Read “Code Converters”. 

[C] Answer Self Test Review questions 28-31 
[C] Read “Read Only Memories”. 

[.] Answer Self Test Review questions 32-45 
[_] Read “Programmable Logic Arrays”. 

C] Answer Self Test Review questions 46-50 
[_] Perform Experiment 18. 

[_] Perform Experiment 19. eo 
[_] Perform Experiment 20. 

[_] Perform Experiment 21. 

(.] Perform Experiment 22. 

C] Complete the Unit Examination. 


L] Review the Examination Answers. 
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Figure 8-1 
Two input AND gate 
decoders used for detecting 
the number 01. 


DECODERS 


One of the most frequently used combinational logic circuits is the de- 
coder. A decoder is a logic circuit that will detect the presence of a specif- 
ic binary number or word. The input to the decoder is a parallel binary 
number and the output is a binary signal that indicates the presence or 
absence of that specific number. 


The basic decoding circuit is an AND gate. The output of an AND gate 
is a binary 1 only if all inputs are a binary 1. By properly connecting the 
inputs on an AND gate to the source of the data, the presence of any bi- 
nary number will be detected. 


Figure 8-1A shows a two input AND gate used to detect the presence of 
the two bit binary number 01. The number to be detected consists of two 
bits, A and B, with B the least significant bit (LSB). When A is 0 and B 
is 1, both inputs to the AND gate will be high and the output C will be 
a binary 1 indicating the presence of the desired number. The inverter 
on the A input causes the upper input to the AND gate to be binary 1 
when the A input is binary 0. For any other combination of input bits the 
decoder output will be binary 0. i 


The truth table accompanying the circuit in Figure 8-1A illustrates the 
performance of the circuit. Note that when the input number is 01 the 
output C is binary 1. For all other two input combinations the output is 
binary 0. The circuit does indeed detect the presence of the number 01. 


Figure 8-1B shows the AND gate decoder for detecting the number 01 
where the binary number input source is a flip-flop register. Since the 
complement outputs of the flip-flops are available, the inverter is not 
needed. When the A flip-flop is reset and the B flip-flop is set, the 
number stored in the register is 01. At this time the A and B outputs 
are high. The decode gate output will be high at this time. 


To simplify the drawing of a decoder circuit, the AND gate input source 
is often omitted. See Figure 8-1C. Only the input states are shown at the 
gate inputs. Note the output equation which can be written from the cir- 
cuit or the truth table. 


An AND gate can be used to detect the presence of any binary number 
regardless of size. The number of inputs to the gate will be equal to the 
number of bits in the binary word. Figure 8-2 shows how a four input gate 
can be used to detect the binary number ABCD = 0101. Note that the de- 
code gate receives its inputs from a 4 bit register. When the number 0101 
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is present in the register the output of the decode gate will be a binary 
1. For any other 4 bit number in the register, the decoder output will be 
a binary 0. 





While there are some situations where the presence of a single binary 
word must be recognized, most applications require the detection of all 
possible states that can be represented by the input word. For example, 
with a two bit input word there are a total of 2” = 4 different input combi- 
nations that exist. A practical decoder will recognize the existence of 
each of these states. 









lla = 3109 
INPUTS) OUTPUTS 
: 102 * ĉio fae |wjxiyiz 
B ZABT 0 |0 |l 0 
015+ 1yQ 0 }1 jo 0 
DETECT 0101 ılo lo 0 
1 {1 {0 l 
C = SG 
F Figure 8-2 Figure 8-3 
LSB Four input AND gates 1 of 4 decoder. 


used to decode 0101. 


Figure 8-3 shows such a decoder. A two bit binary word with bits A and 
B (B is the LSB) is stored in a flip-flop register. Four AND gates are used 
to decode the four possible combinations. For example, gate 4 detects the 
00 input state. If the binary number stored in the flip-flops is 00, the A 
and B outputs will be high. Gate 4 will produce a binary 1 output. Gates 
1, 2,and 3 will have a binary 0 on at least one of their inputs thereby keep- 
ing their outputs low. The truth table in Figure 8-3 shows the four possi- 
ble input states and the outputs of each of the decoder gates. 


Another way of looking at the decoder circuit in Figure 8-3 is as a binary 
to decimal converter. It converts a binary number into an output signal 
representing one of the four decimal numbers 0, 1, 2, or 3. If flip-flops 
A and B are both set, the register is storing the binary number 112. Gate 
1 will be enabled at this time and its output will indicate the presence 
of that particular number in the register. The output of this gate could 
then be used to turn on an indicator light marked with the decimal 
number 3. 
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BCD to Decimal Decoder 


One of the most common applications for decoder circuits is binary to decimal 
conversion. A widely used type of decoder is the BCD to decimal decoder. The 
input to the decoder is a parallel four bit number representing the BCD digits 
0000 through 1001. Ten NAND gates are used to look at or observe the inputs 
and decode the ten possible output states 0 through 9. When a BCD number is 
applied to this decoder, one of the ten output lines will go low indicating the 
presence of that particular BCD number. The output of such a decoder is gener- 
ally used to operate a lighted decimal number read-out or display. 


OUTPUT 0 
INPUT A > 
LSB OUTPUT 1 
OUTPUT2 , 
OUTPUT 3 
INPUT B 
OUTPUT 4 
OUTPUT 5 
INPUT C > 
OUTPUT 6 
OUTPUT 7 
INPUT D i 
OUTPUT 8 
Figure 8-4 OUTPUT 9 





TTL 74LS42 BCD 
to decimal decoder. 
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A typical BCD to decimal decoder is shown in Figure 8-4. The four 
bit BCD number with bits designated A, B, C, and D are applied to 
the inverters which generate the normal and complement versions of 
the inputs to be applied to the decode gates. Bit A is the LSB. Note 
also that NAND gates are used instead of AND gates for the decoding 
process. When all of the inputs to a NAND gate are binary 1, its out- 
put will be binary 0. For all other input combinations the output will 
be binary 1. For that reason, all of the outputs from the gates in this 
decoder are high except the one decoding a specific input state. 





Figure 8-5 shows the truth table for the BCD to decimal decoder. 
When one of the ten 8421 BCD codes is applied to the input, the ap- 
propriate output will go low. For example, when the input 0110 is 
applied to the decoder, all inputs to gate 7 will be binary 1. The out- 
put of gate 7 will go low indicating the presence of the four bit BCD 
number representing a decimal 6 is at the input. All other gate out- 
puts will be high at this time. Notice in the truth table that if any 
one of the six invalid four bit BCD code numbers is applied to the 
input of the decoder, all outputs will remain high. This BCD decoder 
simply does not recognize the four bit words that are not included 
in the standard 8421 BCD code. 
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H=BINARY 1 
L=-BINARYO 


Figure 8-5 
Truth table for BCD 
to decimal decoder. 
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The decoder circuit in Figure 8-4 can be readily constructed with in- 
dividual logic gates. A typical SSI logic gate provides two four input 
NAND gates in a single dual in line package. To decode the 10 output 
states, five of these integrated circuits would be required. The invert- 
ers could be implemented with a hex inverter IC. A typical unit con- 
tains six inverter circuits in a single DIP. Since 8 inverters are re- 
quired, two of these hex inverter ICs would be required. This makes 
a total of seven integrated circuits required to implement the BCD to 
decimal decoder. Some form of printed circuit board or other inter- 
connecting medium would be required to wire the circuit as indi- 
cated. 





Fortunately, modern integrated circuit technology has eliminated the 
necessity for constructing such a circuit with SSI logic circuits. The 
entire BCD to decimal decoder circuit shown in Figure 8-4 is avail- 
able in a single 16 pin dual in line package. Because of the complex- 
ity of this circuit it is considered to be a medium scale integrated cir- 
cuit. This is a classical example of a functional MSI logic circuit. 


Octal and Hex Decoders 


Octal and hexadecimal decoder circuits are also widely used. The octal 
decoder accepts a parallel three-bit input word and decodes all eight 
output states representing the numbers 0 through 7. The BCD to decimal 
decoder circuit in Figure 8-4 can be used as an octal decoder by simply 
using the A, B, and C inputs only. The D input is simply wired to 
a binary 0 condition and the 8 and 9 outputs from gates 9 and 10 
are ignored. A hex decoder decodes all 16 states represented by four 
input bits. 





Instead of drawing the complex logic circuitry for a decoder, a simpli- 
fied block diagram like the one shown in Figure 8-6 is often used. 
The decimal weights of the inputs and the decimal equivalent of the 
decoded outputs are indicated within the block to identify its function. 





INPUTS OUTPUTS 
0 =» 
1] BC 
A 2 ABC 
3 ABC 
5 4 
C 5 ABC 
6 ABC 
7 ABC 


Figure 8-6 
Octal decoder. 
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BCD to 7 Segment Decoder 





A special form of decoder circuit is the popular BCD to 7 segment 
decoder-driver. This is a combinational logic circuit that accepts the 
standard 8421 BCD input code and generates a special 7 bit output 
code that is used to operate the widely used 7 segment decimal read- 
out display. This functional circuit is available as a single package 
MSI device. 
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Figure 8-7 


7 segment display format. 


A 7 segment readout is an electronic component used to display the 
decimal numbers 0 through 9, and occasionally special letter combina- 
tions, by illuminating two or more segments in a specially arranged 
7 segment pattern. The standard 7 segment display configuration is 
shown in Figure 8-7. The segments themselves can be constructed with 
a variety of light emitting elements such as, an incandescent filament, 
a light emitting diode, fluorescent tube, gas discharge tube, or a liquid 
crystal segment. By illuminating the appropriate segments, the numbers 
0 through 9 and many letters can be displayed. Figure 8-8 shows the 
typical 7 segment presentation of these numbers. 








Figure 8-8 
7 segment format for 
numbers 0 through 9. 
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Seven segment displays are widely used in electronic equipment such 
as test instruments, electronic calculators, and digital clocks. Several 
examples are shown in Figure 8-9. The weather computer in Figure 
8-9A uses light emitting diode displays. A light emitting diode is a 
special semiconductor junction diode that emits light when it is for- 
ward biased. Most LED displays emit a brilliant red light. Yellow and 
green LED displays are also available. 
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Figure 8-9 
Types of 7-segment displavs 
used in digital equipment: (A) LED. 
(B) Liquid Crvstal. (C) fluorescent. 
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The digital multimeter in Figure 8-9B uses a liquid crystal display. 
The digital clock in Figure 8-9C uses a 7-segment fluorescent display. 





These are only a few of the many different types of 7-segment display 
devices available. A BCD to 7-segment decoder-driver circuit is used 
to operate these display devices. This is an MSI logic circuit that de- 
codes the decimal states 0 through 9 and develops the seven output 
signals that operate the display segments. 


Figure 8-10 shows the truth table for this decoder circuit. The BCD 
inputs (ABCD) are in the standard 8421 code form. The outputs are 
designated a, b, c, d, e, f, g, and correspond to the elements shown 
in Figure 8-7. A binary 0 in the segment output columns indicates 
that the corresponding segment is illuminated. You can check this 
code against the segment letters illustrated in Figure 8-7. 





INPUTS SEGMENT OUTPUTS 





















DECIMAL|A BC O|a bec de f q/ 
0 000{0000001 
l 001f/1001111 
2 010/0010010 
3 011/0000110 
4 100/1001100 
5 101/0100100 
6 110/1100000 
7 11if0001111 
8 00010000000 
9 Oo1f/o0001100 














Figure 8-10 
Truth table for BCD to 
seven segment decoder driver. 
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A logic diagram for one particular type of BCD to 7 segment decoder- 
driver is shown in Figure 8-11. In addition to the four BCD inputs, 
this circuit also has a blanking input, a ripple blanking input, and a 
lamp test input. When the lamp test input is binary 0 all seven segments 
of the display are turned on in order to see that none have failed. When 
the blanking input is low, all segments are turned off. This feature 
is used where a number of displays are grouped to readout a multi-digit 
number. This feature blanks or suppresses all leading zeros automati- 
cally. For example, in an eight digit display without leading zero sup- 
pression, the number 1259 would be displayed as 00001259. With lead- 
ing zero suppression, only the desired digits 1259 will show. The other 
four displays will be automatically blanked. By applying a variable 
duty cycle pulse signal to the ripple blanking input, the intensity of 
the display can be varied without resorting to supply voltage or current 
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Figure 8-11 
BCD-to-seven segment 
decoder-driver IC. 
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Figure 8-12 shows the typical output circuit for one segment of the 
decoder-driver. Besides decoding the BCD input states this circuit 
also drives or operates the light producing segments. The output is 
usually a saturated transistor switch with an open collector. Figure 
8-12 shows one LED segment connected to the output. When the tran- 
sistor conducts, the collector output goes low and current flows 
through the LED turning it on. A series dropping resistor sets the LED 
current and hence the intensity of the light it produces. 





DECODER-DRIVER IC 


| CURRENT LIMITING 
| RESISTOR 


f LED X 
SEGMENT 





7? SEGMENT DECODER DRIVER 


Figure 8-12 
Typical 7-segment decoder-driver 
output circuit and external connections. 
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Self Test Review 
i The basic decoder circuit is a(n) 
A 
i 2. What is the decimal equivalent of the state being decoded by the circuit in 
C Figure 8-13? (A is the LSB.) 
D 
3. In the 7442 BCD-to-decimal decoder (Figure 8-4), the output of gate 
i goes to binary when the input DCBA = 0101. 
Figure 8-13 , op 
Circuit for Self Test 4. The maxımum number of outputs from a decoder with a five-bit input word 
Review question 2. IS 


>: Draw a 1-of-4 decoder using 2-input positive NOR/negative NAND gates. 
Assume that both normal and complement signals are available from two 
flip-flops, A and B (LSB). 


6. Only one output of a 7442 decoder is low while all others are high. 





a. True 
b. False 
Answers 


1. AND gate 

2. EDCBA = 100112 = 1915 
3. gate 6, binary 0 

4. 2° = 32 

5. See Figure 8-14 

6. a. True 


POSITIVE NOR/NEGATIVE NAND - 


Figure 8-14 a 


Answer to Self Test 
AB 
{ He 


Review question 5. 
pb 
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ENCODERS 


An encoder is a combinational logic circuit that accepts one or more—inputs 
and generates a multi-bit binary output code. In a sense, encoders are exactly 
the opposite of decoders. Decoders detect or identify specific codes while en- 





+V 

coders generate specific codes. 

Figure 8-15 shows a simple encoder circuit. The inputs are three pushbuttons 1 2 A 

labeled 1, 2, and 3. The encoder circuit consists of two positive NAND/nega- 2 

tive NOR gates. Outputs AB form a two-bit binary code. When pushbuttonlis £ [3 +2 B 

depressed, the output of gate 2 goes high. At this time, both inputs to gate 1 are 

high, therefore, its output is low. By depressing button 1, the output code 01 is 

generated. 
be |A B) 

Depressing the number 2 pushbutton forces output A of gate 1 high. The B 

output of gate 2 is low, therefore, the output code is 10. Depressing button 3 3 o] 

forces the outputs of both gates high, generating the code 11. As you can see, 

the binary code corresponding to the decimal number given to each input switch Figure 8-15 


is generated when that switch is closed. The truth table in Figure 8-15 summa- 
rizes the operation of the circuit. When all of the switches are open (not de- 
pressed) the output code is 00. 


Simple encoder circuit.. 


A typical application for an encoder circuit is in translating a decimal key- 
board input signal into a binary or BCD output code. Figure 8-16 shows a 
decimal-to-BCD encoder circuit. When any one of the input lines is brought 
low, the corresponding 4 bit BCD output code is generated. For example, bring- 
ing the number 5 input line low with a pushbutton forces the outputs of gates 1 
and 3 high. Gates 2 and 4 have low outputs at this time. As a result, the output 
code on lines DCBAare 0101, or the binary bquivalent of the decimal number 
5. This circuit, like all encoders, generates a unique output code for each indi- 
vidual input. 


9 
8 
7 
6 
; 8421 

BCD 

OUTPUT 

COD 
3 ' Figure 8-16 
2 


Decimal to BCD encoder. 
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A typical example of a modern integrated circuit binary encoder circuit 
is shown in Figure 8-17. This is a TTL MSI 8 input priority encoder. 
The encoder accepts data from 8 input lines and generates the binary 
code corresponding to the number assigned to the input. The input 
must be brought low in order to generate the corresponding output 
code. We say that the inputs are active low. Unlike the two previously 
discussed encoder circuits, the outputs of the circuit in Figure 8-17 
(labeled AO, Ail, and A2) are also active low. For this circuit a low 
output represents a binary 1. This circuit generates a negative logic 
output code. 
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Eight input priority encoder circuit with 
an EI enable input. 


A unique feature of this particular circuit is that a priority is assigned 
to each input so that when two or more inputs are low simultaneously, 
the input with the highest priority is represented at the output. In this 
case the inputs with the higher numerical value have the highest prior- 
ity. This means that if the 3 and 6 inputs are low simultaneously, the 
binary code representing 6 will be generated at the output. 
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The EI input on this circuit is an enabling input. When this input is 
high, the output of the inverter connected to it is low. This inhibits 
gates 1 through 8 and forces the three binary output lines high. When 
the EI input line goes low, the output of the inverter goes high thereby 
enabling all of the circuitry. 





The 9 input NAND gate number 1 monitors all 9 input lines. If any 
one of them should go low, the EO output goes high indicating that 
one or more of the input lines has been activated. The GS output also 
goes low. If all inputs are high or open (not activated), the EO output 
line is low indicating this state. By using the EI input and EO and 
GS outputs, several of these devices may be combined to encode N 
different input states. A truth table for this circuit is shown in Figure 
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INPUTS OUTPUTS 
eo 1 2 3 GS Ao Ay Az EO 
H 
TRUTH TABLE 
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Figure 8-18 
Truth table for nine 
input priority encoder. 
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Self Test Review 





7. If inputs 2 and 4 on the encoder in Figure 8-16 are brought low at the same 
time, the output code will be: 
a. 0010 
b. 0100 
c. 0110 
d. 1001 


8. Answer question 7, above, for the circuit in Figure 8-17. 


9. Draw the logic diagram of an encoder to generate the 3-bit binary Gray code 
given in the table below. Use positive NAND/negative NOR circuits. 


_ fala |c 


: 0 





0 
1 
2 
3 
4 
9 
6 
7 





10. Ifthe 2,4, and 5 input lines of the priority encoder of Figure 8-17 are brought 
low simultaneously, the outputs will be: 
a. A,=H,A,=L,A,=H 

b. A,=L,A,=H,A,=H 

c A,=L,A,=H,A,=L 

d A,=L,A,=L,A,=L 
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Answers 





7. c. 0110 The outputs of gates 2 and 3 will go high when inputs 
2 and 4 go low. In this circuit when two or more inputs . 
are activated at the same time, the output code will 


be the codes produced by each input alone ORed to- 
gether. 


8. b. 0100 The higher numbered input has priority over the lower 
numbered input. Only the proper higher numbered out- 
put code is generated. This is the reason for the name 
priority encoder. 


9. See Figure 8-19. (Negative logic — Low =1) 





Figure 8-19 
Gray code encoder answer 
to Self Test Review question 9. 


10. c. Ao = L, A, = H, Az = L | 
Since H = 0 and L = 1, the output code will be 101 or 5 
which has the highest priority of the three inputs. 
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MULTIPLEXERS 





A multiplexer is an electronic circuit that is used to select and route any one of a 
number of input signals to a single output. The simplest form of a multiplexer is 
a single pole multi-position switch. Figure 8-20 shows a rotary selector switch 
used as a multiplexer. Any one of six input signals can be connected to the out- 
put line by simply adjusting the position of this mechanical selector switch. Me- 
chanical selector switches are widely used for a variety of multiplexing opera- 
tions in electronic circuits. However, many applications require the multiplexer 
to operate at high speeds and be automatically selectable. Multiplexers of this 
type can be readily constructed with electronic components. 


There are two basic types of electronic multiplexer circuits: analog and digital. 
The simple selector switch multiplexer in Figure 8-20 will work with either 
analog or digital signals. However, when electronic multiplexers are constructed, 
they are primarily designed for either analog or digital applications. For analog 
applications relays and bipolar or MOSFET switches are widely used. For digital 
applications involving binary signals, a multiplexer can be simply constructed 
with standard logic gates. Our primary concern here of course is the digital mul- 
tiplexer or binary data selector. 





Figure 8-20 
A rotary selector switch 
used as a multiplexer. 





Combinational Logic Circuits | §-23 


The circuit in Figure 8-21A is the simplest form of digital multiplexer. 
It has two input data sources and a single output. Either one of the input 
sources may be selected and fed to the output. The selection process 
takes place in AND gates 1 and 2. The flip-flop controls these two gates 
to determine which input is allowed to pass through OR gate 3 to the out- 
put. When this flip-flop is set, the Q output will be high enabling gate 
1. The Q output will be low inhibiting gate 2. Data source 1 will therefore 
be allowed to pass through gate 1 and through the OR gate 3 to the output. 
Data source 2 will have no effect on the output state. Resetting the flip- 
flop reverses this condition. Gate 1 will be inhibited by Q thereby pre- 
venting data source 1 from affecting the output. However, data source 2 
will be allowed to pass through gates 2 and 3 to the output. This circuit 
is equivalent to a single pole double throw switch as indicated in figure 
8-21 B. 








SOURCE (A) 
#2 


INPUT #1 
—e 


OUTPUT 


SPDT SWITCH 


INPUT #2 
(B) 


Figure 8-21 
Two-input digital 
multiplexer (A) and its mechanical 
equivalent (B). ASPDT switch. 
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An MSI functional circuit using this basic two input multiplexer is 
shown in Figure 8-22. Four 2-input multiplexers are combined to form 
a multiplexer for two four bit words. Word 1 has bits Ai, B1, C1, and 
D1. Word 2 has bits A2, B2, C2, and D2. The enable (E) input controls 
the circuit. If E is high, the output of inverter 15 is low thereby inhibit- 
ing all of the AND gates and thus preventing either input word from 
appearing at the outputs. With E low, the circuit is enabled. 
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Quad two input multiplexer. 


The select (S) input specifies which four bit input word appears at 
the output. When the select input is high, gates 2, 5, 8, and 11 will 
be enabled letting input word 1 appear at the output. If the S input 
is low, gates 1, 4, 7, and 10 will be enabled. This permits word 2 to 
be passed through to the output. 
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A four input multiplexer circuit is shown in Figure 8-23. Each input is 
applied to a NAND gate that is enabled or inhibited by a 1 of 4 decoder. 
The outputs of the NAND gates are ORed together in gate 5. As in other 
multiplexers, only one of the four inputs will be enabled and allowed to 
pass through to the output. The selection of the input is made by the de- 
coder circuit. A two bit binary word AB is applied to the decoder. The 
decoder recognizes one of the four possible input codes and enables the 
appropriate gate. For example, when the two bit input word is 00 the AB 
output line is high. This enables gate 1 and input 1 is allowed to pass _ . 
through to the output. Input code 01 enables gate 2, input code 10 enables 
gate 3, and input code 11 enables gate 4. 
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Figure 8-23 


4-input multiplexer. 
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The simplest way to implement the 4 bit multiplexer is to combine both 
the decode and enable functions in the same gate. Such a circuit is shown 
in Figure 8-24. The arrangement is virtually identical to the 4 input mul- 
tiplexer just discussed. However, additional inputs have been added to 
the input gates so that they also perform the decoding functions. The nor- 
mal and complement outputs from the two bit binary input word AB are 
applied to the enable gates in the same way they would be applied to the 
decoder gates. If the binary input code 00 is applied, the A and B lines 
will be high. Gate 1 will be enabled and input number 1 will pass through 
gate 1 and gate 5 to the output. Gates 2, 3, and 4 will be inhibited at this 
time. 
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Figure 8-24 
A 4-input multiplexer combining 
the decode and enable functions. 
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An eight input TTL binary multiplexer using this same technique is 
shown in Figure 8-25. Gates 1 through 8 enable or inhibit the eight 
data input lines DO through D7. A three bit binary input word (ABC) 
enables one of the eight gates depending upon the input code. The 
six inverters at the data select inputs generate the normal and com- 
plement signals needed by the select gates. This three input word is 
an address code that designates which data input line is selected. If 
the binary input is 101, data input D5 is selected. The strobe enable 
line enables or inhibits all eight select gates. Both the normal (W) and 
complement (Y) output signals are available. Another name for the 
multiplexer is data selector. 
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Figure 8-25 
8-input multiplexer 
TTL IC type 74LS151. 
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Multiplexer Applications 





Besides providing a convenient means of selecting one of several inputs 
to be connected to its single output, a multiplexer has several special ap- 
plications which make it even more useful. Besides its data selector ap- 
plication, multiplexers are also used to provide parallel to serial data 
conversion, serial pattern generation, and the simplified implementation 
of Boolean functions. Let’s consider these important applications here. 


Parallel to Serial Conversion. One of the most common applications 
of a multiplexer is parallel to serial data conversion. A parallel binary 
word is applied to the inputs of a multiplexer. Then by sequencing 
through the input enabling codes, the output of the multiplexer be- 
comes a serial representation of the parallel input word. This func- 
tion is illustrated in Figure 8-26. Here we show a four input multi- 
plexer. (Multiplexer is often abbreviated MPX or MUX). The simple 
block diagram is often used to represent multiplexers in order to sim- 
plify their illustration. A two bit binary input word AB from a 
counter is used to select the desired input. Input word WXYZ is 
stored in a 4 bit storage register. The output of each of the flip-flops 
in the register is connected to one input of the multiplexer. As the 
two bit counter is incremented, the AB input select code is se- 
quenced through its four states 00 through 11. The output (M) of the 
multiplexer is equal to the state of the flip-flop connected to the en- 
abled input. This is illustrated by the truth table in Figure 8-26. By 
sequencing through the four input states at a fixed rate, the parallel 
input word is converted to a serial output word. When the AB inputs 
are 00, the state of the W flip-flop appears at the multiplexer output. 
When the AB input state is 01, the state of the X flip-flop appears 
at the multiplexer output. Similarly, input select states 10 and 11 
cause the states of flip-flops Y and Z respectively to appear at the 
multiplexer output. Depending upon how the inputs are connected to 


the register, the multiplexer can cause either the LSB or the MSB to 
occur first. 








Combinational Logic Circuits | 8-29 





4 BIT 
STORAGE 
REGISTER 

l 


4 INPUT 
MPX 


0 00 0l 10 21 
wi} x]y]z 


<i 


NI N 


x |e 


2 BIT 
a T Jii 
COUNTER 








INPUTS OUTPUTS 
| W 


0 
0 
l 






— o = olo 
>< 


] 





Figure 8-26 
4-input multiplexer used 
as a parallel-to-serial converter. 
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Serial Binary Word Generator. Another application of the multi- 
plexer in digital circuits is the generation of a serial binary word. 
This application is virtually identical to the parallel to serial conver- 
sion technique just discussed. The primary difference is that for bi- 
nary word generation, the serial word generated at the output of the 
multiplexer is generally a fixed value rather than one that can change 
as in the case of the parallel to serial converter. There are some occa- 
sions that require the generation of a single fixed serial word for 
some special function. 





Figure 8-27 shows an eight input multiplexer used to generate a fixed 
serial binary output word. Notice that the eight inputs are connected 
to either +5 volts (binary 1) or ground (binary 0). The three bit input 
word ABC is used to select which of the inputs is routed to the out- 
put. By sequencing through the three bit input words from 000 
through 111 with a binary counter, the binary states applied to inputs 
O0 through 7 are sequentially connected to the output. The binary 
word 10011010 is generated at the output. Each time the three bit 
input word is sequenced through the 000 to 111 state, this serial out- 
put word will be generated. Again, depending upon the application, 
the connections to the multiplexer input can be made such that either 
the MSB or LSB occurs at the output first. In this case the MSB ap- 
pears at the output first. The truth table in Figure 8-27 completely de- 
fines the function of this circuit. 
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8-input multiplexer 
used to generate the serial 
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Boolean Function Generation. Multiplexers can greatly simplify the im- 
plementation of Boolean functions in the sum-of-products form. A close 
look at the multiplexer circuit in Figure 8-25 shows that it inherently im- 
plements the sum-of-products for all input combinations. The products 
ABC through ABC are developed by gates 1 through 8. By connecting a 
binary 1 or binary 0 to the appropriate data inputs, the products desired 
in the output can be selected. 





For example, suppose that you wish to implement the Boolean function 
indicated below. OOO _ 
M=ABC+ABC+ABC+ ABC 


By studying the logic diagram for the multiplexer in Figure 8-25, you 
can determine which gates generate each Boolean product. These are 
indicated in Table A for your convenience. Note that gate 1 generates 
the product ABC. When a binary 1 is applied to the DO input, a binary 
1 will appear at the output if the data select inputs are 000. By applying 
a binary 0 to D@ the 0000 input state will be ignored and a binary 
O will appear at the output W. 


Table A 
Data Input Gate 
DØ 1 
D1 
D2 





D3 
D4 
D5 
D6 
D7 





Therefore, you can see that the desired Boolean products can be 
selected by applying a binary 1 to the appropriate input associated 
with the gate generating that product. Those products you wish to de- 


lete from the output, you apply a binary O to the gate generating that 
product. 
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To generate the expression indicated earlier, binary 1 states are applied 
to the D1, D4, D6, and D7 inputs. These are gates 2, 5, 7, and 8 in 


Figure 8-25. The complete Boolean function generator is shown in Fig- 
ure 8-28. 





8 INPUT 
MULTIPLEXER 


M=ABC+ABC+ABCt+ABC 





Figure 8-28 
Multiplexer used as a Boolean 
sum-of-products function generator. 





Other more complex Boolean functions can also be implemented with 
multiplexers by connecting other input variables to the multiplexer 
inputs instead of a fixed binary 1 or binary 0 level. Four variable sum-of- 
products from inputs A, B, C, and D for example, can be implemented 
with an eight input multiplexer by connecting the D and D input states 
to selected multiplexer inputs to implement the desired function. 


By using standard MSI multiplexer packages, the implementation of 
Boolean functions are greatly simplified. With this technique it is not 
necessary to interconnect multiple SSI logic gate packages to implement 
the desired function. This greatly reduces the number of integrated 
circuits used, the power consumption, size, and the need for intercon- 
nection. 
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Self Test Review 





11. Which of the following definitions best describes a digital multiplexer? 


a. a circuit which can route a single input to one of several outputs. 
a Circuit that recognizes a specific input code. 

C. a circuit that connects one of several inputs to any of several 
outputs. 

d. a circuit that can connect one of several inputs to a single output. 


12. What binary input code must be applied to the data select inputs (ABC) of 
the 8 input multiplexer in Figure 8-25 (A = LSB) to permit data input D3 
to be connected to the output? 


a. 001 
b. 101 
C. 011 
d. 110 


13. What serial binary word is generated by the multiplexer circuit shown in 
Figure 8-28 if inputs A, B, and C are incremented from 000 through 111? 





14. What Boolean function will be generated by the multiplexer circuit shown 
in Figure 8-27? 


15. Another name for a multiplexer is 


Answers 
11. d. acircuit that can connect one of several inputs to a single out- 
put. 


12. d. ABC = 1100orCBA = 011 = 3 


13. 01001011 (DØ through D7). As the input select states ABC are step- 
ped from 000 through 111, input DØ through D7 will be enabled 


in sequence producing a serial binary word that is a function of the 
input states. 


14. M=ABC+ABC+ABC+ABC 
Binary 1 inputs are applied to data inputs DØ, D3, D4, and D6. 


These are connected to gates 1, 4, 5, and 7 respectively which ac- 
cording to Table A generates the products ABC, ABC, ABC, ABC. 





15. data selector 
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Figure 8-29 


2-output demultiplexer. 


DEMULTIPLEXERS 


A demultiplexer is a logic circuit that is basically the reverse of a 
multiplexer. Where the multiplexer has multiple inputs and a single 
output, the demultiplexer has a single input and multiple outputs. 
The input can be connected to any one of the multiple outputs. The 
demultiplexer is also known as a data distributor or data router. 


A simple two output demultiplexer circuit is shown in F igure 8-29. 
The single input is applied to both AND gates 1 and 2. The A flip- 
flop selects which gate is enabled. When the A flip-flop is set. gate 
1 will be enabled and gate 2 will be inhibited. The input therefore 
will pass through gate 1 to output number 1. Resetting the flip-flop 
enables gate 2 and the input is passed to output number 2. 


A four output data distributor is shown in Figure 8-30. Here the 
single input is applied to four gates simultaneously. As in the multi- 
plexer, additional inputs on the select gates are used for decoding. A 
two bit word AB from a counter is used to select which gate is en- 
abled. If the two input binary word AB is 11, gate 4 will be enabled 


and the input will pass through gate 4. The other three gates will be 
inhibited at this time. 
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Figure 8-30 
A 4-output demultiplexer used 
as a serial-to-parallel converter. 
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The data distributor shown in Figure 8-30 is being used as a serial 
to parallel converter. This is one typical application of a demulti- 
plexer circuit. A four bit serial word is applied to the input. As the 
input bits occur, the two bit counter is incremented. This causes the 
gates in the distributor to be enabled one at a time, sequentially from 
top to bottom. The step input to the two bit counter is in syn- 
chronism with the occurrence of the bits in the serial word. 





The latch storage register with flip-flops WXYZ is initially reset prior 
to the application of the serial input. The flip-flops in the storage reg- 
ister are connected to the output of the data distributor and are se- 
quentially set or left reset as the serial word occurs. Once each of the 


. SERIAL AB AB AB AB 
four gates has been enabled in sequence, the register contains the ser- input. fn 1]_0 fi | 
ial input word. Its outputs can then be observed simultaneously. The 
serial input word has been converted to a parallel output word. GATE 1 

: l 


Figure 8-31 shows the waveforms of the circuit in Figure 8-30. The a l 
input is the serial number 1101. The waveforms show the outputs of ne 
gates 1 through 4 and the flip-flop outputs WXYZ. The first bit of the 3 


© m 





p—t 
O 


This input state causes gate 2 to be enabled. Since the input signal y 
is a binary 1 at this time, the output of gate 2 will go low, thereby 
setting the X flip-flop. The X output goes high as indicated. During 2 
the next input selection sequence A B, the serial input word is 0. Gate 
3 is enabled. The input is binary 0 at this time so the output of gate Figure 8-31 

: . ; : i Waveforms of a 
3 remains high. This has no effect on the Y flip-flop so it remains <erial-to-parallel conversion 
reset. The AB input selection sequence is next. It occurs in synchronism with a demultiplexer. 
with the next serial bit which is a binary 1. Gate 4 is enabled and, 
with the binary 1 input, its output is low. This sets the Z flip-flop, 
causing its output to go high. Looking at the states of the flip-flops 
after the fourth serial input bit has occurred, you can see that the paral- 
lel output 1101 is available. Note that all of the reset inputs to the 
latch flip-flops in the storage register are connected together to form 
a common reset line. Prior to the application of the serial input, a low 
signal is applied to the reset input to clear the register to the 0000 
state. 


— © 


serial input is a binary 1. It occurs during the A B input sequence. cate 

During this time, gate 1 is enabled and, since the input is a binary i m 

1, its output will go low. This will set the W latch, causing the W y : rob] 

output to go high. The A B input selection sequence is next. Note that i 1 

this is synchronized with the next input, which is also a binary 1. x p it 
l 


© 
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A close look at the data distributor circuit in Figure 8-30 shows that 
it is essentially a decoder where the decode gates all have a common 
input. Because of this particular configuration, a standard MSI decoder 
circuit can often be used as a data distributor. Figure 8-32 shows how 
a 7442 BCD to decimal decoder can be used as an 8 output data dis- 
tributor. When this circuit is used as a data distributor, inputs A, B, 
and C are used to select the desired output. These three inputs will 
enable one of the gates 1 through 8. The data input is applied to the 
D input of the circuit. Note that data input is inverted by inverter 17 
and then applied to gates 1 through 8. The data input will appear at 
the output of the gate selected by the three bit input word ABC. For 
example, if the input state is 000, gate 1 will be enabled. The data 
applied to the D input will appear at the output of gate number 1. 
In this application gates 9 and 10 of the decoder are not used. 
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Self Test Review 


16. Another name for a demultiplexer is 
17. A typical application for a demultiplexer is 


18. In Figure 8-30, if A is set and B is reset and the input is binary 

1 gate ——————— ~ will be enabled and latch 
will be binary ; 

19. In Figure 8-32 what input code (CBA) must be applied to connect 
the input to the output of gate 6? 
a. 010 
b. 011 
c. 101 
d. 110 


Answers 


16. data distributor or data router 
. serial to parallel conversion 

18. 2, X, 1 

19. c. 101 
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EXCLUSIVE OR 





One of the most widely used of all combinational logic circuits is the ex- 
clusive OR. It occurs so frequently in logic circuits that it is often consid- 
ered to be one of the basic logic functions such as AND, OR, and NOT. 
The exclusive OR is a two input combinational logic circuit that produc- 
es a binary 1 output when one, but not both, of its inputs is binary 1. 


The standard OR logic circuit is generally referred to as an inclusive OR. 
The OR circuit produces a binary 1 output if any one or more of its inputs 
are binary 1. The exclusive OR produces a binary 1 output only if the two 
inputs are complementary. The table below compares the output for the 
standard inclusive OR and exclusive OR circuits. The inputs are A and 
B, the output is C. 


Inclusive OR Exclusive OR 





The exclusive OR logic function can be written as a Boolean expression. By 
using the technique you learned earlier. you can write the logic equation 
from the truth table. By observing the input conditions that produce binary 
1 outputs, vou can write the sum-of-products output. The exclusive OR 
function is indicated below. 


C=AB+AB 





A special svmbol is used to designate the exclusive OR function in Boolean 
expressions. Like the plus sign represents OR and the dot represents the 
AND function, the symbol G)represents the exclusive OR function. The 
exclusive OR of inputs A and B is expressed as indicated below. 


C=A@B=AB+AB 
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The exclusive OR function can be simply implemented with standard 
AND and OR gates as shown in Figure 8-33. The expression X-OR is often 
used as a short hand method for indicating the exclusive OR function. 








(sat Db 


Figure 8-34 shows several ways of implementing the exclusive OR func- 
tion with NAND and NOR gates. The exclusive OR function im- | | 
plemented with NAND gates is illustrated in Figure 8-34A. The NOR im- REA M pen aco a Pe 
plementation of the X-OR function is shown in Figure 8-34B. oe 


Figure 8-35 shows how the exclusive OR function can be performed , 
using the wired AND connection. Here the open collector outputs of 
TTL gates can be connected together to produce the AND function re- 
quired by the X-OR operation. 


QO) pP 


The exclusive OR circuits in Figures 8-33. 8-34. and 8-35 all assume 
that both the normal and complement versions of the A and B input 
signals are available. If thev are not. then input inverters can be used 
to produce them. In some circuits this means extra components and 
a greater number of interconnections. The exclusive OR circuit in Fig- . 
ure 8-36 avoids this problem. Only the A and B input signals are re- es ae A 
quired in order to generate the X-OR function at the output. This cir- COR lunctiomtioth XAND 
cuit can be readilv constructed for example from a standard quad two gates (A) and NOR gates (BI. 
input NAND gate such as the TTL 74LS00. 


w | Œ| > 








In order to avoid the necessitv of drawing the exact logic diagram for 
each exclusive OR circuit used. the simplified symbol shown in Fig- 


-5 
ure 8-37 is used. This svmbol can be used to represent anv of the ex- | 
clusive OR circuits that we have described so far. a 
7 -AQa3 
With modern integrated circuits. it is zenerally not necessary to actu- ;_{| »<+>—. os 


stead exclusive OR circuits are available in MSI form. For example. 
the 74LS86 TTL integrated circuit contains four completely indepen- 
dent X-OR circuits. 


ally construct exclusive OR circuits from individual logic gates. In- | 
A ° 
B 


Figure 8-35 
The X-OR function complementeu 
with the wired-AND connecnon. 





Figure 8-36 darn 
eo Standard svmbol for 
X-OR circuit not 


A . an exclusive OR circuit. 
requiring complement inputs. 
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Exclusive NOR 





An often used version of the exclusive OR is the exclusive NOR (X-NOR) 
circuit. The truth table for this circuit is given below. 





Note that the output of the equivalent circuit is a binarv 1 when inputs A 
and B are equal. If both inputs are 0 or both inputs are 1. the output will bea 
binarv 1. As a result. the exclusive NOR is sometimes referred to as an 
equivalence circuit or a comparator. Comparing this to the exclusive OR 
function you can see from the truth table that the output of the X-NOR is the 
complement of the X-OR. 


The Boolean equation of the X-NOR circuit can be written from the.truth 
table. It is indicated below. 


C=AB+AB 





Since the form of this equation is similar to that for the exclusive OR. 
(sum-of-products) the equivalence function can be implemented by 
using any one of the exclusive OR circuits given previously by simply 
rearranging the inputs. Alternately, all of the previousiy given exclusive 
OR circuits can also be used to perform the equivalence operation bv 
leaving the inputs as designated and complementing the output. Figure 
8-38 shows several methods of implementing the exclusive NOR func- 
tion. The simplified symbol shown in Figure 8-39 is frequently used to 
indicate the X-NOR operation. 
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Figure 8-39 
SVMOOL Of ine 
exclusive NOR tuncton. 


rigure 8-38 
Methods of 1mpiementing of 
exclusive NOR or equivalence 
tunction with NAND gates { A) 
and NOR gates (B). 
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Applications of the Exclusive OR 





As indicated earlier there are many applications for the exclusive OR 
logic circuit. There are many special combinational circuits that take 
advantage of the special characteristics of the exclusive OR. Let's take 
a look at some of the most widely used applications of the exclusive 
OR and the exclusive NOR circuits. 


Binary Adder. A binary adder is a circuit that adds two binary numbers. 
The output of the adder is the sum of the two input numbers. A binary 
adder is the basic computational circuit used in digital computers, elec- 
tronic calculators, microprocessors, and other digital equipment em- 
ploying mathematical operations. 


The basic rules for binary addition are very simple. These are indicated 
below. 


0O O 1 1 
+O +1 +0 +1 


0 1 1 10 pany i 


These rules indicate how two single bit numbers are added. Naturally. 
these rules can be extended to multibit numbers. Several examples of the 
addition of multibit numbers are shown below. 





1 carry 1111 carries 1 carry 
10 1010 7 0111 12 1100 
+ 3 +0011 +11 +1011 +10 +1010 
13 1101 18 10010 22 10110 


A close look at the rules for binary addition indicated above show 
that if put in truth table form they would be identical to the logical 
function of an exclusive OR circuit. The exclusive OR inputs A and 
B are the two single bits to be added while exclusive OR output C 
is the single bit sum. As vou can see, the exclusive OR is a binary 
adder. The only function not taken care of bv the exclusive OR cir- 
cuit is the carrv function. When vou’re adding two binarv 1 bits. a 
binary i carry wili be generated. This carry operation can be simplv 
implemented with an AND gate that will produce a binary 1 output 
only when both inputs are binary 1. Combining the AND gate and the 
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exclusive OR we can develop a basic single bit binary adder circuit 
as shown in Figure 8-40. This circuit is generally referred to as a half 
adder. 





SUM:A OB 








CARRY: A-B 


Figure 8-40 
Half adder circuit. 


To add multibit numbers. we must provide an adder circuit for each 
of the two corresponding bits to be added. However. the half adder 
circuit does not provide for a carrv input from a lower order bit posi- 
tion. Therefore. an adder circuit must be developed that will add to- 
gether the two input bits then add to that sum the carrv from the next 
least significant bit position. Such a circuit combines two half adder 
circuits to form a full adder. This circuit is shown in Figure 8-41. The 
half adder made up of exclusive OR gate 4 and AND gate number 1 
performs the addition of the two input bits A and B. The output of 
exclusive OR gate 4 is the sum of these two bits. To this sum is 
added the carry input (Ci) from the adjacent lower order bit position. 
The sum of bits A and B is added to the carry input in the half adder 
circuit made up of exclusive OR gate 5 and AND gate 2. The output 
of exclusive OR gate 5 is the correct sum. Note that because two half 
adders are used there will be two carrv outputs. Since a carry can be 
generated trom either the addition of the two inputs A and B or the 
addition of their sum and the carry. the two carrv outputs are ORed 
together in gate 3 to produce a correct carry output (Co) that will feed 
the next most significant bit adder in a multibit adder. 











TO NEXT MOST 


SIGNIFICANT 


n Eo m CARRY OUT 
| 

| BIT POSITION 
l 

| 


CARRY 
INPUT FROM half adder 
NEXT LEAST 

SIGNIFICANT 

BIT POSITION 


Figure 8-41 
Full adder circuit. 
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Figure 8-42 shows a block diagram of an adder circuit used to pro- 
duce the sum of two four bit binary numbers. The inputs are two four 
bit binary numbers A and B. [Input number A is made up of bits A}. 
A2. A3. and A4. Input number B consists of bits B1. B2. B3. and B4. 
Each of the corresponding bits of the two numbers is added or sum- 
med in an adder circuit. Note that the least significant bits A1 and 
B1 are added in a half adder. Since there is no lesser significant bit. 
no carry input is required and a half adder circuit will suffice. All 
other bit positions require a full adder circuit to accommodate the 
carry input from the next lower order bit position. The output is a 
four bit parallel sum of the two input numbers with bits S1. S2. S3, 
and S4. The carry output of the most significant bit full adder also 
represents the fifth or most significant output bit in those situations 
where the four bit input numbers produce a five bit sum. 
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Figure 8-42 
+-bit parallel adder. 


While the adder circuits described here can be constructed of exclu- 
sive OR gates and other logic elements. it is generally unnecessary 
since single bit adders and four bit adders like those discussed here 
are availabie as compiete MSI integrated circuits in a sıngie easv to 
use package. 


Parity Generator/Checker. A paritv generator is a combinational logic 
circuit that generates a single output that indicates the presence or 
absence of a bit error in a binary word. In digital applications requir- 
ing the storage of binary data in an electronic memorv or in the trans- 
mission of binary information from one location to another. there is 
the likelihood of an error being made. Because of electrical noise or 
circuit failure. a binary 1 bit mav be stored or transmitted as a binarv 
O. A binary O bit could be stored. transmitted or received as a binary 
1. In most electronic equipment it is desirable to know when such 
errors occur. A parity generator circuit performs this function. 
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The parity generator circuit looks at the binarv word to be stored or 
transmitted and generates a single output known as a parity bit. This 
parity bit is then added to the other bits of the word and stored or 
transmitted with it. When the stored word is retrieved from memorv 
for use or when a transmitted word has been received. a paritv check 
Operation is performed. The paritv checker generates a parity bit from 
the received data and compares this bit with the paritv bit stored or 
transmitted with the original information. If the two parity bits are 


identical. no error exists. A difference in paritv bits designates an 
error. 





The method of generating a parity bit is to observe the binary word 
to be stored or transmitted and determine the number of binary 1's 
in that word. A parity bit will be generated based on this information 
such that the total number of binary 1's in the word including the 
paritv bit will be either odd or even. The table in Figure 8-43 shows 
all 16 possible combinations of four bit binary words. The odd and 
even paritv bits for these words are designated in the adjacent col- 
umns. A binary 1 or binary O parity bit is added to make the total 
number of bits in the word. including the parity bit. odd or even. 
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Figure 8-43 
Odd and even parity 
bits for a +-bditword. 
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The basic circuit element used to generate the parity bit is the exclusive 
OR circuit. A look at the truth table for an exclusive OR circuit will 
reveal that it is basically an odd or even detector circuit. If the two 
inputs are equal or even, the exclusive OR output is a binary 0. But 
if the inputs are odd or complementary. the output is a binary 1. The 
exclusive OR gate then can be used to compare two binary bits and 
indicate whether they are odd or even, equal or unequal. An exclusive 
OR gate then is used to monitor each two bit group in a binary word. 
These exclusive OR outputs are then further compared with other ex- 
clusive OR circuits until a single output bit indicating odd or even 
is generated. 





Figure 8-44 shows how exclusive OR gates are cascaded or pyramided 
to produce a parity generator circuit. A 4-bit binary number input to 
the parity generator circuit is stored in a register made up of flip-flops 
A. B. C. and D. X-OR gate 1 monitors bits A and B while X-OR gate 
2 monitors bits C and D. The outputs of these two X-OR circuits are 
then monitored by X-OR gate 3. The result is an even parity output 
bit. Inverter 4 generates the complement or the odd parity output. Using 
your knowledge of the exclusive OR circuit and the information in 
Figure 8-43, trace the various binary states from the flip-flop outputs 
to the output of the parity generator circuit to be sure that you fully 
understand its operation. 
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Figure 8-44. 


A 4-bit parity generator circuit. 
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A parity bit for any size binary word can be generated bv simply 
using as many exclusive OR gates as necessarv to monitor all input 
bits. Additional exclusive OR gates are then used to monitor the out- 
put states of the exclusive OR gates used in monitoring the input bits. 
This cascading or pyramiding of exclusive OR gates is continued 
until a single output bit is generated. 





Once the parity bit has been generated. it is generally stored or trans- 
mitted along with the input word. When the binary word and its par- 
itv bit are read from memory or received at the remote location. it 
can be tested for bit errors in a parity checker circuit. A parity 
checker consists of a parity generator circuit identical to those just 
discussed. This parity generator looks at the stored or received word 
and again generates a parity bit. This bit is then compared to the par- 
ity bit stored or transmitted along with the word. This comparison 
takes place in another exclusive OR circuit. Figure 8-45 shows a par- 
ity checker circuit for a 4-bit binary word with paritv bit. 





EVEN PARITY 
PARITY ERROR 








Figure 8-45 
à 4-bit paritv checker. 


Note that the parity generator circuit consists of exclusive OR gates 1. 2, 
and 3 and is identical to the parity generator circuit in Figure 8-44. Exclu- 
sive OR gate 4 compares the output of the parity generator with the re- 
ceived parity bit P. In this circuit we are assuming the use of even parity. 
If the internally generated paritv bit is the same as the received parity bit, 
the output of the exclusive OR circuit will be binary 0 indicating no par- 
ity error. However, if the two parity bits are different, the exclusive OR 
output will be binary 1 indicating a parity error. 


The output of a parity checker circuit can then be used in a variety of 
ways to indicate the occurrence of a parity error. It can be used to turn 
on an indicator light indicating an error state. It can be used to initiate 
a series of logic operations that will either accept or reiect the data de- 
pending on the error state. Or it may be desirable simply to count and 
record the number of parity errors that occur. 
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As vou probablv realize. a parity error detection method does not en- 
sure complete freedom from or knowledge about all possible error 
conditions. The parity technique assumes that an error will occur in 
only one bit position of a word. If paritv errors occur in two bit posi- 
tions. it is possible for the word to be transmitted incorrectly while 
no paritv error will be indicated. This situation rarely occurs since 
in most electronic storage and transmission svstems the reliability is 
sufficient to eliminate the possibilitv of multibit errors. However. er- 
rors in a single bit position are common. The parity detection and 
checking process is a verv reliable and useful indication of errors. 





Even more sophisticated combinational logic circuits have been de- 
veloped to detect when more than one bit error is produced. In sys- 
tems requiring ultra high reliability and performance. such sophisti- 
cated circuits can be used to detect and even correct any bit error that 
occurs. In some high speed computers, multiple bit errors are auto- 
matically detected and corrected before the information is processed. 


While paritv generator and checker circuits can be constructed with 
individual exclusive OR gates, they are also available in MSI form. 
Figure 8-46 shows a typical commercial parity generator/checker MSI 
circuit. This circuit is capable of performing either the generation or 
checking function. As a generator. it can monitor up to nine input 
bits. The ninth bit is applied to either the odd or even input as re- 
quired by the application. Both odd and even parity bit outputs are 
provided. [n the checking function. this circuit will monitor an 8 bit 
word and generate an appropriate paritv bit which is then compared 
with a received parity bit applied to either the odd or even input. 
The error indication appears at the odd or even output depending 
upon whether the odd or even parity convention is used. 
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Binary Comparators. A binary comparator is a combinational logic 
circuit that looks at two parallel binary input words and generates a 
binary 1 output signal if the. two numbers are equal. If the numbers 
or words are not the same, the output will be a binary 0. 





Às you saw earlier, the exclusive NOR circuit is essentially a single 
bit binary comparator. When the two inputs are alike. the output is 
binary 1: When the input bits are different, the output is binary 0. 
By using an exclusive NOR circuit for each pair of bits in the two 
numbers to be compared, a complete binary comparator circuit can 
be constructed. 


Figure 8-47 shows a four bit binary comparator circuit. Word 1 with 
bits A1, A2. A3, and A4 are stored in the A register. The word to be 
compared is stored in the B register with bits B1, B2, B3, and B4. 
Each pair of bits is applied to an exclusive NOR circuit. The outputs 
of the exclusive NOR’s are fed to a four input AND gate. When the 
two binary words are alike, the outputs of the exclusive NOR’s will 
be binary 1. With all binary 1 inputs to the AND gate, the output will 
be binary 1 indicating the equality of the two words. If any one or 
more bits of the input words are different, the output of the related 
exclusive NOR circuit will be binary 0. Naturally, this will inhibit the 
AND gate and produce a binary 0 output which indicates inequality. 
Additional exclusive NOR gates and AND gates inputs can be added 
as required to compare any size binary number. 
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Figure 8-47 
4-bit binarv comparator. 
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Commercially available MSI binarv comparators are available thus 
eliminating the need to assemble such circuits from individual gates. 
Typically. these comparators are designed for comparing two four bit 
binary words. [n addition to providing an output that indicates the 
equality of the two words. most MSI comparators also generate two 
additional output signals. one indicating when one word is greater 
than the other and another indicating when one word is less than 
another. Figure 8-48 shows a block diagram of such a comparator. If 
input word A has a binary value that is numerically larger than word 
B, the A greater than B output (A>B) will be binary 1. the A<B out- ` 
put will be binary 1 if A is less than B. 
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Figure 8-48 
Tvpical 4-bit commercial 
MSI binary comparator circuit. 
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Self Test Review 


20. 


21. 


22: 


23. 


24. 


Zo. 


When the inputs to an exclusive OR circuit are alike. the output 
is binarv 


Prove that the circuit in Figure 8-36 does perform the exclusive 
OR function. Write the output equation of the circuit using the 
NAND relationship for each gate. Then using Boolean algebra and 
DeMorgan's theorem, reduce this expression to the exclusive OR 
formula. 


Using Boolean algebra and DeMorgan's theorem. show that the 
complement of the exclusive OR function is the equivalence 
function. Or prove that: 


AB+AB=AB+AB 


An exclusive NOR gate is also a(n) 
a. adder 

b. comparator 

c. subtractor 

d. decoder 


The expression A @)B indicates the 
a. exclusive OR 

b. inclusive OR 

c. exclusive NOR 


Add the following binary numbers. 


a. 011 b. 11111 c. 1010 
+101 +10001 +1011 





26. Write the odd paritv bit code for the Grav code. 


. How many exclusive NOR’s are needed to make a comparator for 


two six bit words? 
a. 2 
b. 3 
cC. 6 
d. 12 











Combinational Logic Circuits | 8-51 


Answers 





20. binary0 


21. Refer to Figure 8-36. 
Output of gate 1 = AB 
Output of gate 2 = A. AB 
Output of gate 3 = Be AB 
Output of gate 4 = C = (A * AB) (B+ AB) 
Apply DeMorgan’s and Double Negative rules 
C = (A ° AB) (B ° AB) 
C = (A Ħ AB) + (B + AB) = 
Expand by DeMorgan’s _ 
C = A. (A+B) + B(A +B) 
Expand by Law of Distribution 
C=AA+AB+AB+BB 
Reduce by Law of Complements 
C = AB + AB 











22. AB+AB= 
Expand By DeMorgan’s 
(AB) (AB) = 
Expand by DeMorgan’s 
(A+B)(A+B) = 
Expand by Law of Distribution 
AA+AB+AB+BB= 
Reduce by Law of Complements 
AB+AB=AB+AB 


23. (b) comparator 
24. (c) exclusiveNOR =A @ B 


25. a. 011 3 b. 11111 31 c. 1010 10 
101 +5 10001 +17 1011 +11 


1000 8 110000 48 10101 21 
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26. 


DECIMAL ODD PARITY 








0000 l 
1 0001 0 
2 0011 1 
3 0010 0 
4 0110 1 
5 0111 0 
6 0101 1 
7 0100 0 
1100 1 
1101 0 
1111 1 
1110 0 
1010 1 
1011 0 
1001 1 
1000 O 








27. (c) 6 
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CODE CONVERTERS 


A code converter is a combinational logic circuit that converts one 
type of binary code into another. There are many applications in digi- 
tal systems where two or more different binary codes are used. There 
are applications where it is desirable to take advantage of the charac- 
teristics offered by the different types of codes. By using code con- 
verters, the various circuits can be made compatible. Some of the 
most commonly used code converters are listed below. 

Binary to BCD 

BCD to binary 

Binary to Gray 

Gray to Binary 

8421 BCD to XS3 

XS3 to 8421 BCD 

ASCII to EBCDIC 

EBCDIC to ASCII 





Keep in mind that a combinational logic circuit can be constructed 

to convert any code into any other code. In a sense, any multibit 
input-multibit output combinational logic circuit can be considered a - 
code converter. Any combination of input bits can be considered a 
binary code. In the same way any combination of output bits can also 

be considered a unique binary code. Using this broad definition of a 

code converter then circuits such as encoders and decoders could 

also be considered special forms of code converters. In general, you 

will find the term code converter used primarily to reference those 
special circuits indicated in the list above. 
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The most commonly used code converters are those for converting 
between binary and BCD. Block diagrams of such converters are 
shown in Figure 8-49. In Figure 8-49A, a 6 bit pure binary input 
number is converted into its two digit BCD equivalent output. Any 
6 bit input number 000000 through 111111 (0 through 63 decimal) 
will be converted by the circuit into its BCD output equivalent. For 
example, the number 63 in binary is 111111, its BCD output equiva- 
lent is 0110 0011. 





A BCD to binary converter is shown in Figure 8-49B. A two digit BCD 
input word is converted into a 7 bit pure binary output equivalent. 
The input numbers can be anything from 00 through 99 or 0000 0000 
through 1001 1001. If the BCD input equivalent of the number 99 is 
applied, the pure binary output number 1100011 will appear at the 
output. Both binary to BCD and BCD to binary converters are avail- 
able as MSI combinational IC’s, thereby eliminating the need to im- 
plement such circuits with gates. 
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Figure 8-49 
Binary to BCD (A) and BCD to binary (B) 
code converters. 


Other frequently used code converters are binary to Gray and Gray 
to binary. There are many applications where the Gray or. cyclical 
code must be used in order to minimize errors when changing from 
one state to another. While the Gray code is good for minimizing er- 
rors in generating certain types of data, the Gray code cannot be used 
in arithmetic operations. To permit arithmetic operations to be per- 
formed, Gray to binary code conversion is necessary. 
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Figure 8-50 
Gray to binary (A) and 
binary to Gray (B) code converters. 


Both Gray to binary and binary to Gray code converter circuits are 
shown in Figure 8-50. The Gray to binary circuit is shown in Figure 
8-50A while the binary to Gray circuit is shown in Figure 8-50B. The 
most significant bit of both the Gray and binary words will be the 
same and therefore no code conversion is necessary. Note the use of 
exclusive OR circuits to perform the code conversion. The Gray and 
equivalent binary codes are shown in Figure 8-51. 
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l] 1 1 1 1 0 0 





Figure 8-51 


Binary and Gray codes. 
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While code conversion is most often accomplished with combina- 
tional logic circuits, many types of code converters use sequential cir- 
cuits. Various combinations of flip-flops, counters and shift registers 
can be used to perform code conversion. A simple example is the ser- 
ial Gray to binary code converter shown in Figure 8-52. Here a serial 
Gray code is applied to the JK inputs of a JK flip-flop, MSB first. The 
normal flip-flop output is a serial binary code. 
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Figure 8-52 
Serial Gray to binary 
sequential code converter. 


Self Test Review 


28. The most commonly used code converters use the 
and —— ~ codes. 
29. Code converters can be either combinational or sequential logic 
circuits. 
a. True 
b. False 


30. Code converters can process either serial or parallel data. 
a. True 
b. False 
31. Most code converters are 
a. sequential 
b. combinational 





Answers 


28. binary, BCD 

29. a. True 

30. a. True 

31. b. combinational 
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READ ONLY MEMORIES 





A read only memory (ROM) is an electronic circuit used to permanently 
store binary information. Practical read only memories are available for 
storing in excess of 128,000 bits of data. Normally, the ROM is organized 
to store equal length multibit words. For example, a typical ROM might 
be capable of storing 1024 eight bit words of 8192 bits. 


The main feature of a read only memory is that the binary information 
contained in the memory is permanently stored there. The data is written 
into the memory when it is manufactured, or programmed into the ROM 
prior to its use. The contents of the memory are not usually changed 
thereafter. This is in contrast to other types of electronic read/write 
memories that can both store and read out data. This type of memory is 
generally referred to as random access memory (RAM). You can think of 
itas many storage registers. 


The general organization of both read/write memories and read only 
memories is basically the same. Both contain a number of memory 
locations where data can be stored. In the ROM, the data is stored 
there permanently and can be read out in any order. In the RAM, data 
may be written into or read out of any portion of the memory at any 
time. While the read/write memory is more flexible, it is also more 
expensive. It is this type of memory that is normally used as the main 
storage section of a digital computer. Our discussion here will center 
on the ROM which is a useful circuit in implementing digital systems. 
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ROM Operation 


Figure 8-53 shows a general block diagram of a read only. memory. 
It consists of three major sections: the address decoder, thé memory 
storage elements, and the output circuits. 
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Figure 8-53 
General block diagram 
of a read only memory. 





The address decoder is like any binary decoder in that it accepts a 
multibit binary input word and decodes all possible input states. 
Only one of the decoder outputs will be activated. In the address de- 
coder of Figure 8-53, there are five input bits meaning that a total of 
2° = 32 different states can be decoded. This five bit input word 
specifies one of 32 individual memory locations. This input word is 
generally referred to as the address. 


The main body of the memory consists of electronic circuits or com- 
ponents that are used to store the binary data. These storage elements 
are arranged so that a specific number of multibit binary words may 
be stored. The organization in Figure 8-53 permits 32 eight bit words 
to be stored. The memory locations are designated 0 through 31. Ap- 
plying a five bit address code to the input will cause the contents of 
the addressed location to appear at the output. Note that if the ad- 
dress input code is 00100, the contents of memory location 4 appear 
at the output. All other memory locations are ignored at this time. 
The output circuits buffer the memory contents so that the data can 
be used in other logic circuits. 





be 
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ROM Construction 





There are many different ways to implement read only memories 
with electronic components. Any component or circuit capable of 
storing a binary 1 or binary 0 condition can be used. Magnetic cores 
and capacitors are examples of elements that have been used to store 
binary data in a ROM. Most modern read only memories, however, 
are semiconductor circuits. Both bipolar and MOS types are used. 
Since ROMs are capable of storing a significant amount of data they 
are generally classified as large scale integrated (LSI) circuits. Most 
ROMs, both bipolar and MOS types, are housed in standard dual in- 
line packages. Because of the wide variety of possible applications, 
ROMs are considered to be custom circuits. The user specifies the 
memory contents prior to the manufacture of the device. Special 
types of ROMs called programmable ROMs or PROMs permit the user 
to program them electrically himself. In this section, we investigate 
the most popular types of integrated circuit ROMs in use today. 


Diode Matrix ROM. Figure 8-54 shows a read only memory con- 
structed with a one of eight decoder and a diode matrix. The one of 
eight decoder accepts a three bit address input word and generates 
all possible decode output combinations. This means that the decoder 
will recognize the three bit input number applied to it and enable 
only one of the eight outputs. For example, if the binary input 
number is 011, the number 3 output line will go low. All other de- 
coder output lines will be high at this time. The decoder is similar 
in operation to the type 7442 discussed earlier. 
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When the number 3 decoder output line goes low, it brings the cathode 
ends of the diodes connected to this line low. The diodes conduct 
through their associated pull-up resistors. This forces lines X and Z low. 
Lines W and Y are high at this time because of the pull-up resistors. Since 
all other decoder outputs are high, the other diodes in the circuit are cut 
off at this time. Observing the output lines ZYXW then you see the output 
code 0101. At address location 011 (3), the binary number 0101 is stored. 





Consider the effect of applying the address 110 to the decoder input. 
This will bring decoder output 6 low causing output lines Y and Z 
to go low. Lines W and X will be high at this time. This means that 
the output number is 0011. The contents of memory location 110 (6) 
is the four bit number 0011. 


A close look at the ROM in Figure 8-54 should reveal that the data 
is stored in the memory as either the presence or absence of a diode. 
In this circuit a diode connection between the decoder output and 
the output line causes a binary 0 to be read out when that address 
line is enabled. The absence of a diode causes a binary 1 to be read 
out. Another way to look at the read only memory is to consider each 
output line with its associated diodes and pull-up resistors as a diode 
OR gate. A low on any diode input causes the output to go low. 





There are some commercial read only memory ICs designed and con- 
structed exactly like that shown in Figure 8-54. Integrated circuit 
ROMs are constructed initially so that a diode is connected at each 
possible memory location. This means that all memory locations are 
initially programmed with binary 0’s. To store data in the memory, 
an external pulse signal is applied to the output lines in such a man- 
ner as to reverse bias certain diodes and cause them to be destroyed. 
By destroying a diode and causing it to open, a binary 1 state is pro- 
grammed. Such ROMs can be programmed by the manufacturer or the 
user. Read only memories that permit the user to store the data that 
he needs are called programmable read only memories (PROMs). 


Bipolar ROM. A typical commercial bipolar read only memory is 
shown in Figure 8-55. This 256 bit ROM uses TTL circuitry. The 
memory is organized as 32 eight bit words. The address inputs 
labeled A through E are used to select one of the 32 words stored in 
the memory. Note that the circuitry is basically a 1 of 32 decoder. 
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Figure 8-56 shows the detailed circuitry of the ROM. Illustrated here 
is one of the 32 address decoding gates and the 8 output buffer cir- 
cuits. The output of each decoding gate is a transistor with eight 
emitters. These emitters can be interconnected to the eight output 
buffers. The programming of the memory is done by either connect- 
ing or leaving open these emitter connections. If an emitter is con- 
nected to an output buffer, the output voltage will go low when that 
decoding gate is addressed. If the emitter is not connected, a high 


level voltage is read out of the associated buffer when the gate is ad- 
dressed. 
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TTL ROM circuit details. 


The decoding gate output emitters to be used are connected to the re- 
spective inputs of the eight output buffers when the integrated circuit 
is manufactured. The user specifies the memory contents, and the man- 
ufacturer produces special masks which will cause the interconnecting 
metalization of the integrated circuit to be properly arranged to store 
the desired data. Note that the output buffers have an open collector 
output. This permits the outputs to be wire-ORed with other similar 
memories so that the storage capability can be expanded. Three state 
output circuitry is used on some TTL ROMs. Input line G on the ROM 
in Figure 8-55 is used to enable or disable the circuitry so that this 
device can be combined with others similar to it in forming a memory 
with many more locations. This line is often referred to as a chip select 
line and is used as an extra address bit input in expanded memories. 
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Figure 8-57 shows two ways that a standard size ROM can be used 
to make larger memories. Figure 8-57A shows two ROMs connected 
to form a memory for 32 sixteen bit words. Each ROM can store 32 
eight bit words as indicated by the designation 32 x 8 or 32 by 8. 
The five address lines are in parallel thus each ROM is enabled at 
the same time. One half of the 16 bit word is stored in the upper 
ROM and the other 8 bit segment in the lower ROM. Since the two 
ROMs are addressed simultaneously, both parts of the word will be 
read out at the same time. Input line G enables the memory when 





low. 
5 BIT 
ADDRESS. 
16 BIT 
OUTPUT 
WORDS 
(A) ee 








8 BIT 
OUTPUT 
WORDS 
6 BIT 
Figure 8-57 ADDRESS 


Two methods of using a 
standard size ROM to construct 
larger memories. (A) increased word 
size, (B) increased storage locations. 


(B) 


Figure 8-57B shows how the 32 x 8 ROMs can be used to form a 
memory for storing 64 eight bit words. Thirty-two of the words are 
in the upper ROM and the other thirty-two are in the lower ROM. 
The ROM outputs are wire-ORed. The five address lines A through 
E are in parallel. The chip enable lines (G) are used as a sixth address 
line. Remember, it takes six bits to address 64 words (2® = 64). This 
sixth input line is the MSB of the address. The five lower order bits 
address both ROMs simultaneously. But only one of the two ROMs 


will be enabled by input G. The inverter keeps these lines com- 
plementary. 
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If the input address (GEDCBA) 101101 is applied, location 13 (01101) 
in each ROM will be addressed. However, input G is binary 1. This 
disables the upper ROM so all of its output lines are high. Input G 
to the lower ROM is low because of the inverter. Therefore, this ROM 
is enabled and the word at location 01101 is read out. 





MOS ROMs. Many read only memories are implemented with metal 
oxide semiconductor integrated circuits. MOSFET circuitry lends it- 
self well to the implementation of a read only memory. Because of 
the small size of most MOSFET circuits, many: logic and memory ele- 
ments can be constructed in a small space. This high density cir- 
cuitry permits read only memories with a very high bit content to be 
readily manufactured. Many thousands of bits of data can be stored 
on a silicon chip approximately 1/10 inch square. Such MOS ROMs 
are low in cost and consume very little power. 


The basic organization and structure of an MOS ROM is essentially 
the same as any read only memory. An address decoder selects the 
desired word. The presence or absence of a semiconductor device in 
a matrix network specifies a binary 1 or binary O stored in the ad- 
dressed location. In MOS ROMs, the basic storage element is an en- 
hancement mode MOSFET. The presence of an MOSFET programs a 
binary 1. The absence of such a device means a binary 0 has been 
programmed. 





Figure 8-58 shows the basic internal structure of a typical PMOS ROM. 
P-type material is diffused into the substrate in long strips called bit lines 
as indicated. These P-type diffusions form the source and drain connec- 
tions of the MOSFETs. Perpendicular to the P diffusion areas are metal 
word select lines. These metal areas form the gate elements of the MOS- 
FETs. Figure 8-58 shows several examples of how the MOSFETs are 
formed. The source (S), gate (G), and drain (D) of each MOSFET is iden- 
tified. To program the memory, the MOSFETs formed by this structure 
are either enabled or disabled by appropriate masking operations during 
manufacturing. As indicated earlier, if the MOSFET is enabled, a binary 
1 will be stored in that location. Disabling the MOSFET causes a binary 
0 to be stored in the selected location. 
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In the MOSFET ROM structure, the metal word select lines are con- 
nected to the gates of the MOSFETs where binary 1s are stored. These 
metal word select lines are driven by the outputs of a decoder. The 
source terminals of the MOSFETs are connected either to ground or 
to the source supply voltage Vss. The drain connections of the MOS- 
FETs are designated as the bit lines. If one of the metal word select 
lines goes negative, the MOSFETs associated with that word will con- 
duct and ground (or Vss) will appear on the bit line. 
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Figure 8-58 
Basic structure of a PMOS ROM. 
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Figure 8-59 shows the MOSFET ROM circuit. Q1 is a MOSFET 
formed by the process illustrated in Figure 8-58. The presence or ab- 
sence of this transistor is a function of the masking process carried 
out during manufacturing. Note that the gate of Q1 is enabled by the 
output of decoder X. If the word select line is negative, Q1 will con- 
duct and a binary 1 bit will appear on the bit line. However, this bi- 
nary 1 may or may not reach the output of the ROM depending upon 
the state of Q2. Q2 and decoder Y are also used in selecting the de- 
sired output word. 





Most MOS ROMs use an XY matrix decoding method. In Figure 8-59, 
two 1 of 8 decoders are illustrated. Two 3 bit words are used to ad- 
dress a particular word. The two 3 bit input numbers are simply 
treated as a single six bit address. Six bits define 2© = 64 bit loca- 
tions. By using two 1 of 8 decoders, a total of 64 words can be ad- 
dressed. The word in memory is selected by enabling each decoder 
with the appropriate three bit word. If the Y decoder enables Q2, Q2 
will conduct and connect the bit line to the output buffer. If the de- 
coder does not enable Q2, the output on the bit line shown will not 
appear at the output despite the fact the word select line may have 
enabled Q1. 
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MOSFET ROM circuit. 





Combinational Logic Circuits | 8-67 


Access Time. Like any logic circuit, a ROM has propagation delay. 
This means that there is a finite time between the application of an 
input address and the appearance of data at the output. This propaga- 
tion delay is referred to as access time. This is the time it takes to 
find a word in the ROM and read it out. For bi-polar ROMs, this access 
time is usually less than 100 nanoseconds and can be as low as 20 
nanoseconds. For MOS ROMs, the access time is typically several 
hundred nanoseconds. 





ROM Applications 


The ROM is extremely versatile in implementing logic functions. An 
appropriately programmed ROM can often be used to replace many 
different types of combinational circuits. It is particularly useful in 
replacing complex logic functions with multiple inputs and outputs. 
The ROM offers the advantages of faster and easier design, lower cost, 
smaller size, and often lower power consumption. 


Combinational logic circuits generate output signals that are a func- 
tion of 

1. the input states 

2. the types of gates used and 

3. the particular unique interconnection of these gates. 





The desired output states for a given set of inputs are produced by 
properly interconnecting the correct types of logic gates. This same 
logical function can be simulated by a ROM. The desired inputs are 
applied to the ROM address lines. These inputs specify a unique 
memory location. In this memory location is a binary bit pattern 
whose output states duplicate those produced by an equivalent com- 
binational logic circuit. Instead of actually generating the desired out- 
put function with a logic circuit, we store the desired output states 
in the memory and read them out when the proper inputs appear on 
the address lines. 


A ROM performs what is known as a table look-up function. All of 
the memory locations can be considered to be entries in a large table 
of numbers. By applying an address to the ROM, we are in effect 
looking up one unique number in the table. In a sense, the ROM does 
not perform a logic operation. The desired output states for a given 
set of input conditions are simply stored in the memory. 


The following examples will illustrate some of the many applications 
of a ROM. 
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Random Logic. A read only memory can be used to quickly and easily 
implement any random logic function involving multiple inputs and 
multiple outputs. To design such a combinational logic circuit with stan- 
dard logic gates, you first develop a truth table that defines the operation 
to be performed. From the truth table the Boolean equations are then 
written. Boolean algebra is then used to minimize these equations. From 
the equations, the logic circuit is developed and then implemented with 
standard NAND gates, NOR gates, and inverters. 





When a read only memory is used, the only design step is the im- 
plementation of the truth table. The truth table defines the inputs and 
outputs. This is all of the information that is necessary to develop a 
read only memory that will perform the desired logic function. The 
input logic states are assigned as addresses of a read only memory. 
In the memory locations corresponding to the addresses are stored bi- 
nary words that cause the output lines to assume the desired states 
with the given input address. By using a ROM you can go from truth 
table to finished logic circuit in one simple step. Design time is re- 
duced considerably. 


If the function to be implemented involves only a few inputs and a 
few outputs, such a circuit is best implemented by conventional 
means with logic gates. However, if the number of inputs and outputs 
is four or more, the use of a ROM becomes practical. Since a ROM 
costs more than standard SSI logic circuits, it is not practical or eco- 
nomical to use a ROM where very simple functions must be im- 
plemented. Four inputs and four outputs are generally regarded as 
the decision point between a read only memory vs. a conventional 
logic circuit. 





Code Conversion. As we indicated earlier, code conversion refers to 
any multi-input/multi-output combinational logic circuit. A code con- 
verter is nothing more than a special application of such a logic circuit. 
Since read only memories can readily replace multi-input/multi-output 
combinational logic circuits, a ROM provides a simple and low cost 
means of code conversion. 


To use a ROM as a code converter, the input code is made equal to 
the binary address code in the ROM. In the memory location specified 
by the input or address code is the desired output code. No complex 
logic functions need be implemented to achieve this result. The desired 
output codes are simply stored in the memory locations and are read 
out when the equivalent input code is applied. All of the most com- 
monly used code conversion processes mentioned earlier have been 
implemented with read only memories. 
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Arithmetic Operations. Arithmetic operations are some of the most dif- 
ficult functions to implement with digital circuitry. Simple combina- 
tional logic circuits have been developed to perform additions and sub- 
tractions. Various algorithms have been developed for using addition 
and subtraction along with other digital operations such as shifting 
to perform multiplication and division. More complex mathematical 
functions such as the trigonometric and logarithmic functions are even 
more difficult to implement. The read only memory provides a very 
simple and direct method of implementing the more complex arithme- 
tic operations. 





The multiplication of two binary numbers requires a significant amount 
of logic circuitry. While there are numerous methods for carrying out 
multiplication, all of them require an extensive amount of circuitry. 
Multiplication can be performed with a read only memory without the 
need for complex circuitry or high cost. In addition, the ROM can pro- 
vide this function at lower cost, in a smaller space, and at a significantly 





higher speed. 

The truth table shown in Figure 8-60 illustrates the concept of multiply- INPUTS 
ing two binary numbers using a ROM. To simplify the explanation e a 
we will use only two bit binary numbers. Multiplying two binary num- 00}1 010000 
bers produces a product whose length is twice that of one of the input tea La a 
numbers. The two bit binary numbers serving as the multiplier and 0170 1]0001 
multiplicand will form a four bit product. The two input numbers are : i ; S i 
grouped so that they form a single four bit binary input number which 10/0 0J0 000 
serves as the address input to the ROM. At the address formed by the ; i : i : ; s 
input numbers, the correct four bit product corresponding to the two s i : s : À ; 
bit numbers is stored. When any combination of the two bit input num- 1110110012 
bers appears on the ROM address lines, the correct product is read i z i aa n 
out. For example when one input is 10 (2) and the other is 11 (3), 

the input address formed is 1011. At this location is the number 0110 Figure 8-60 
(6) which is the product of 2 and 3. By using a larger ROM, numbers Truth table for 


requiring more bits can be used. 2 bit ROM multiplier. 


A ROM is particularly useful in handling complex mathematical opera- 
tions such as the trigonometric and logarithmic functions. Instead of 
having the digital circuitry actually compute the sine, cosine, or tangent 
of a number, the ROM simply stores the trigonometric functions corres- 
ponding to the angles. In the same way, a ROM can be used to store 
the logarithms of specified input numbers. In these applications, the 
ROM is virtually a log table or trig function table. The desired angle 
or input number is applied to or assigned a binary address that is ap- 
plied to the ROM. At the address representing the desired input angle 
or number is stored the correct trigonometric function or logarithm. 
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Microprogramming 





Microprogramming is a technique originally developed to systematize 
the automatic control logic in a digital computer. The heart of a 
microprogrammed control unit is a read only memory. The read only 
memory is combined with other logic elements to perform sequential 
logic operations. This combination is called a microprogrammed con- 
troller. 


Most sequential operations are carried out by counters and shift regis- 
ters in combination with combinational logic circuits. These circuits 
are used to generate a sequence of timing pulses that will control the 
operations in other parts of the digital system. The signals generated 
may increment counters, cause data transfers to take place between 
registers, enable or inhibit various logic gates, select a multiplexer 
channel or permit a decoding operation to take place. All of these op- 
erations will be timed so that they occur in the correct sequence to 
perform the desired operation. 


In large digital systems the control logic circuitry can become very 
complex. This is particularly true of the control logic in a digital 
computer. By the use of a microprogrammed controller, the entire 
network of sequential and combinational logic circuits can be re- 
placed by a very simple circuit containing a read only memory. Fig- 
ure 8-61 shows several methods of implementing sequential logic 
functions with a ROM. 





In Figure 8-61A, the ROM is driven by a binary counter. A periodic 
clock signal increments the four bit binary counter. The counter out- 
put is used as the ROM address input. The address decoder is as- 
sumed to be part of the ROM itself. The ROM output consists of 
parallel 8 bit words. Since there are four input bits, the ROM there- 
fore contains sixteen 8 bit words. As the binary counter is incre- 
mented, a sequence of 8 bit words appears at the ROM output. The 
words stored in the ROM are programmed such that the binary states 
appearing at the ROM outputs will cause the desired logic operations 
to take place in the correct sequence. Here the eight output lines can 
be used for a variety of control purposes. The states of these outputs 
are strictly a function of the bits stored in the ROM. The rate of 
change of the ROM outputs is a function of the frequency of the clock 
pulses stepping the binary counter. 
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A more sophisticated version of this same circuit is shown in Figure 
8-61B. Again, a ROM is the main circuit element with the desired 
output states specified by the ROM contents. Note, however, that four 
of the ROM output bits are fed back around to the inputs of a 4-bit 
multiplexer. Another group of four input bits is applied to the multi- 
plexer as well. The multiplexer can select either of the two 4-bit 
sources as an address and feed them to an address register. The ad- 
dress register in turn selects a specific ROM word. In this circuit, the 
four bits define sixteen words in the ROM. The output is a 12-bit 
word, eight bits for controlling external operations and four bits 
which are used to determine the next address of the word in the 
ROM. 


CLOCK 


BINARY pe 
COUNTER N 
o O O 


(A) 





4 BIT M ADR T ROM 
MPX p] REG DE 
ee 


LOAD 
(CLOCK) 


(B) 


Figure 8-61 


Microprogrammed controllers using a ROM. 
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To operate this circuit, a four bit starting address is applied to the 
multiplexer from an external source. This is applied to the address 
register. One specific word in the ROM is addressed and its outputs 
appear. At this point the state of the multiplexer is changed so that 
the next input to the address register will come from the four bits in 
the current ROM output word. This permits the ROM to select the 
next word that should appear at the output. By repeatedly loading the 
address register with a clock signal, the ROM addresses are se- 
quenced and a desired pattern of output pulses is produced. With 
this arrangement, the ROM words addressed can be either sequential 
or in any desired order. The four bit address output from the ROM 
could specify the next location in sequence. Alternately, it can select 
any other word in memory. All of this is determined beforehand in 
the design of the circuitry. Once the proper sequence of operations 
is determined, the contents of the ROM can be specified. 





The term microprogramming is applicable to these circuits in the 
sense that the words stored in the ROM make up a specific program 
for carrying out a specific function. Each word in the ROM is referred 
to as a microinstruction. The bits of that word appearing at the ROM 
outputs cause certain operations to occur; in other words, that word 
instructs the external circuitry in the function to be performed. Each 
word or microinstruction stored in the memory makes up a micro- 
program. The microprogram defines the complete operation to be in- 
itiated. The circuits given in Figure 8-61 are only a few of many dif- 
ferent ways that microprogrammed operations can be implemented. 


Self Test Review 





32. Theterm RAM generally refers toa: 
a. read/write memory. 
b. readonly memory. 
c. either of the above. 


33. The binary input word to a ROM (or RAM) is often referred to as 
a(n) 


34. A 1024 bit ROM is organized to store 4 bit words. This ROM 
contains words and requires a(n) 





bit input address. 


35. Datais written into a ROM when itis: 
a. operating 
b. addressed 
c. manufactured 
d. Data is never written into a ROM. 
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36. Refer to Figure 8-54. Write the binary contents of each memory lo- 
cation in the spaces provided. 
Address Binary Data 
0 





NO oF -— GW DH e| 


37. The total bit capacity of the ROM in Figure 8-54 is 
38. What is the word size of a 16 x 4 ROM? 

a. 4 bits 

b. 8 bits 

c. 16 bits 

d. 64 bits 


39. The propagation delay in a ROM is called 


40. On a given size silicon chip which type of device will produce 
the largest memory? 





a. bipolar 
b. MOS 

41. A ROM can be used as a BCD to seven segment decoder. Such 
a ROM will have (how many?) ——-___ ~ — inputs, 


outputs and a total bit capacity of 
. The word organization is 


See 

42. A ROM could be used to perform a square root operation. 
a. True 
b. False 


43. The main logic element in a microprogrammed controller is a 


44. Another name for the words stored in a microprogrammed ROM 
IS o 

45. Microprogrammed controllers are 
a. combinational circuits. 
b. sequential circuits. 
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Answers 





32. a. Read/write memory 
33. address 


34. 256,8.A 1024 bit memory organized into 4 bit words contains 1024 
+ 4 = 256 words. It takes an 8 bit address to locate any one of the 
words (2° = 256). 


35. c. manufactured. When a programmable ROM is used, the user 
can store data into it once as the storage is usually permanent. 
36. Address Binary Data 
0 0010 
1001 
1111 
0101 
0100 
1010 
0011 
0000 


ND Oo £& WwW WH KE 


37. 32. There are 8 four bit words. (8 x 4 = 32 bits) 

38. a. 4 bits. In the designation 16 x 4, the second number, usually 
the smaller of the two, refers to the word size. The first number 
refers to the number of words in the memory. 

39. access time 

40. b. MOS 


41. 4 inputs, 7 outputs, 70 bits, 10 x 7 organization. A BCD to 7 seg- 
ment decoder will have 4 inputs (the BCD input code) and 7 out- 
puts (one for each segment). The BCD code will address 10 mem- 
ory locations, one for each of the digits 0 through 9. The word 
in each location will have 7 bits. Therefore, the total bit capacity 
is 10 x 7 = 70. The organization of course is 10 x 7. 

42. a. True. A ROM can be used for square root operations. The 
number whose square root is to be found is applied as a binary 
address to the ROM. In the corresponding memory location will 
be the binary number representing the square root of the input. 

43. ROM 


44. microinstructions 





45. b. sequential circuits 
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PROGRAMMABLE LOGIC ARRAYS 


A programmable logic array (PLA) is an integrated circuit logic net- 
work that can be used to perform many different types of combina- 
tional logic functions. It offers the digital designer an alternative to 
the use of combinational logic circuits made with standard SSI and 
MSI ICs or read only memories. For many applications the PLA offers 
a significant improvement in performance over both conventional 
logic circuit implementation and read only memories. 





Basically the PLA is a bipolar or MOS logic network that can be pro- 
grammed during manufacturing to produce a wide variety of combi- 
national logic functions. It is capable of translating any input code 
into any output code. The circuit is designed to generate a large 
number of sums of partial products. 


Figure 8-62 shows a general logic diagram of a PLA. The multiple bi- 
nary inputs (I, through I,4) are applied to inverters which are used 
to generate both the normal and complement versions of the input 
signals. The inverter outputs may then be interconnected to one of 
many AND gates. In one particular commercial PLA, a total of 96 
twelve input AND gates are provided. These AND gates generate the 
product terms of the input variables. Up to 14 different input vari- 
ables may be handled by this particular PLA. The products or partial 
products of the inputs formed by the AND gates are then connected 
to OR gates to form the output sums (F1 through F8). The selection 
of which input variables are applied to which AND gates and the 
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choice of which AND gate outputs are connected to the eight avail- 
able output OR gates is determined during the manufacturing of the 
device. By properly designing the mask that specifies the intercon- 
nections of the logic gates on the chip, ‘a huge number of circuit con- 
figurations are possible. Note also in Figure 8-62 that even the use 
of an inverter on the outputs of the OR gates is programmable. 





To design a logic circuit with a PLA involves basically the same pro- 
cedure as developing the logic for any combinational logic circuit or 
selecting a ROM. The procedure generally starts with the truth table 
that defines the output states for each combination of input states. 
The output equations are written in sum-of-products form. The re- 
quired product terms are listed and these are converted into the ap- 
propriate mask programming instructions for making the IC. 


The PLA is particularly valuable in implementing large complex com- 
binational logic circuits. Simple functions are readily implemented 
with SSI logic gates. More complex functions can be handled by one 
of the many available MSI functions. But when there are many input 
variables and many output variables, the use of standard SSI and MSI 
packages also becomes complex and cumbersome. The PLA can be 
used to generate the desired complex function and house it in a 
single integrated circuit package. 





The PLA also offers numerous advantages over the read only memory 
for implementing some complex logic functions. Of course, a ROM 
can be used to handle logic functions involving any number of inputs 
or any number of outputs. However, the read only memory becomes 
very inefficient when all possible combinations of the input variables 
are not used. For example, a four input logic circuit has 16 possible 
different combinations. The design application may only call for the 
use of nine of these. The four bits on input to a ROM to be used in 
implementing the function define 16 memory locations, seven of 
which would not be used. Despite the fact the seven locations would 
not be used they are still present in the device and are essentially 
wasted. However, by using a PLA, the same logic function can be im- 
plemented more economically. PLAs offer the digital designer another 
option in implementing combinational logic circuits. For large, com- 
plex logic functions involving four or more inputs and outputs, it of- 
fers advantages over SSI and MSI combinational circuits and ROMs 
for some applications. 
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Self Test Review 


46. The logic function performed by a PLA is determined during 
manufacturing. 





a. True 
b. False 
47. A PLA could be used to perform code conversion. 


a. True 
b. False 


48. A PLA is an alternative to what other types of logic circuits? 
Check all that apply. 
a. Sequential 
b. MSI functional combinational 
c. SSI combinations 


d. ROMs 

49. The logic output equation of a PLA is in the 
of __ Csr. 

50. PLAs are used primarily in implementing small simple logic 
functions. T 
a. True 





b. False 
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Answers 


. a. True 
. a. True 


. b, c, d. A PLA is a combinational circuit that can replace SSI, 


MSI combinational circuits and ROMs in large complex applica- 
tions. 


. sum-of-products 
. b. False 
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EXPERIMENT 18 
Decoders 
OBJECTIVE: To demonstrate the operation ofa decoder. 
Materials Required 


Heathkit Digital Design Experimenter ET-3200 


1—74LSOO IC (443-728) 
1—74LS04 IC (443-755) 
1—74LS20 IC (443-798) 
1—74LS42 IC (443-807) 


Procedure 


1. Construct the decoder circuit shown in Figure 8-63. The data 
switches SW1-SW4 will provide the input. LED indicator L4 is the 
output. Be sure to connect +5 volts and ground to pin 14 and pin 





7 of the two ICs. 
sa 1/2-7420 1/6-7404 
a el : a 

: A AP 

-= D j qe 
SW3 1] 21 

| | 
swat; à 14 7 l4 7 

D GND GND 
| +5V = +5V = 
1/3-7404 
Figure 8-63 


Decoder circuit for Steps 1 and 2. 


2. Apply the 16 states 0000 through 1111 to the circuit and observe 
the output. Record the binary input state where L4 lights. 


Assume SW4 is the LSB. The decimal equivalent is: 
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3. Construct the circuit shown in Figure 8-64. Take your time in con- 
structing this circuit to avoid wiring errors. The circuit input will 
come from SW3 and SW4 (LSB). You will observe the outputs on 
LED indicators L1 through L4. 
What type of circuit is this? 

















pA 
> 









Y 





+5V +5V 





Figure 8-64 


4. With SW3 and SW4, apply the inputs indicated in Table I. Record 
the corresponding output states of Li, L2, L3, and L4 for each of 
input states. 


TABLE I 


INPUTS JOUTPUTS(STEP 4)JOUTPUTS(STEP 6 





Which of the following conditions did you observe for each set of 
inputs? 

All outputs low. 

All outputs high. 

One output low. 

Two outputs high. 

Two outputs low. 

One output high. 


moan op 
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5. | Remove the connections between the outputs of inverters 1, 2, 
3, and 4 and L1, L2, L3, and L4. Connect L1, L2, L3, and L4 


to the outputs of the 74LS00 IC gates, pins 3, 6, 8, and 11 respec- 
tively. 





6. Repeat Step 4. Apply the inputs in Table I and record the output 
, states in the appropriate places. 


Which of the following output conditions did you observe for each 


set of inputs? 

a. Alloutputs low. 
b. Alloutputs high. 
c. Oneoutput high. 
d. Oneoutput low. 
e. Twooutputs low. 


7. Compare your results from Steps 4 and 6 by observing the data in 
Table I. Then remove the circuit from the breadboarding socket. 


8. | Mounta type 74LS42 IC on the breadboarding socket. Connect pin 
16 to +5 volts and pin 8 to ground. Connect the inputs to switches 
SW1 — SW4. Refer to Figure 8-65 and 8-66 for IC pin connections. 
You will monitor the outputs, one at atime with LED indicator L4. 





T4LS 42 
0 
Swi 12 c 
D 3 2 
SW2 13 : 3 
C 
4 . 
INPUTS = cw3 7 ó , OUTPUTS Figure 8-65 
B l 6 L4 ya Experimental circuit 
SW4(LSB) 15 7 for steps 8 and 9. 
A 10 8 
ll 9 
+5V = 
INPUTS OUTPUTS 


Figure 8-66 
Pin connections for 74LS42 
TTL IC BCD to decimal decoder. 





OUTPUTS 
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9. Apply the inputs given in Table II. The LSB (A) is SW4. Observe 
the 10 outputs, one at a time, with L4 by connecting it sequentially 
to pins 1, 2, 3, 4, 5, 6, 7,9, 10, and 11. Record your outputs in Table 
II. 





TABLE II 


INPUTS OUTPUTS 
OUCIBLAToOT if 2) 3i4{stet7}3t 9. 
ojojojo] | | ttt | tT tt 


OVOTotit | tt tt tt tt 
ojojıfjoj | | ft Tt m 





a. The 74LS42 is a decimal decoder. What does this mean in 
terms of the outputs you observed? 


b. The 74LS42 does not recognize the six states 1010 through 
1111. 
a. True 
b. False 
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Discussion 





In Steps 1 and 2, you constructed and tested a simple decoder for a 4-bit 
input word. The 74LS20 four input NAND gate is converted into an AND 
gate by inverter 3 at its output. The inputs are connected so that the state 
1100 (decimal 12) is decoded. When SW1 = 1, SW2 = 1, SW3 = 0, and 
SW4 = 0, the output will go high. For all other input codes the output 
will be low. 


In Step 3, you constructed a one-of-four decoder circuit. The 2-bit input 
code comes from SW3 and SW4. You observed the four possible outputs 
on the LED indicators. 


In Step 4 you should have found that for any set of input states, only 
one output is high. All others are low. This proves the one of four 
theory. Your data in Table I should indicate the following: 


00,L4on 
01,L3 on 
10, L2on 
11,L1 on 


Next you removed the inverters from the outputs of the NAND gates. 
Indicators L1-L4 monitor the NAND outputs directly with this mod- 
ification. You should have found that one output was low and the 
other three high for any input states. The decoder is still a one of four 
circuit, but the selected output is low instead of high. The data in 
Table I should indicate: 





00, L 4 oft 
0 1, L 3 off 
1 0, L 2 off 
1 1, L 1 off 


In comparing the one of four decoder with and without the output 
inverters, the output data of one should be the complement of the 
other as you would suspect. Both types of decoders are used depend- 
ing upon the application. When the one of four outputs is high the 
decoder is said to have an active high output. An active low output 
indicates that the selected (decoded) one of four is low. 
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In Steps 8 and 9 you evaluated the operation of the 74LS42 BCD to deci- 
mal decoder. As you should have discovered, this circuit has active low 
outputs since NAND gates are used for the decoding. See Figure 8-64. 
Your data in Table IT should correspond to the truth table in Figure 8-65. 
The selected output goes low. All others remain high. This circuit ignores 
the 1010 through 1111 states since it is an 8421 BCD (1 of 10) decoder. 
These six states are illegal. This is indicated by the fact when one of the 
six states is applied to the inputs none of the outputs go low. 
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EXPERIMENT 19 





7 Segment Decoder-Driver 
and Display 


OBJECTIVE: To demonstrate the operation of an inter- 
grated circuit 7 segment decoder-driver and 
a 7 segment LED decimal display. 


Materials Required 


Heathkit Digital Design Experimenter (ET-3200) 


1 — 74LS90A IC (443-813) 
1 — 74LS193 IC (443-815) 
1 — 14495-1 IC (443-1802) 
1 - 7-segment LED display 
l- 1 KQ resistor 
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Experimental circuit for 
Steps 1 through 4. 





BCD COUNTER 


FROM LOGIC 14 74LS90A 


SWITCH A 
PET 
+5V 
Procedure 
l. Construct the circuit shown in Figure 8-68. This circuit consists of 


a 74LS90A BCD counter, a 14495-1 hexadecimal-to-7-segment 
latch/decoder ROM/driver, and a 7-segment LED display. The four 
BCD outputs of the 74LS90A counter drive LED indicators L1 
through L4 and the decoder-driver. The output of the decoder-driver 
is used to drive the 7-segment display. The pin connections to the 
decoder-driver and the 7-segment LED display are given in Figure 
8-69. As before, use care in wiring the circuit to prevent wiring 
errors. Don’t forget to connect +5 volts and ground to each IC. The 
decoder driver IC is a 7-segment decoder-driver. It accepts the four- 
bit BCD number from the 74LS90A BCD counter. The 14495-1 IC 
contains a four bit latch register which can be used to store the four- 
bit input. The output of this latch is fed to the decoder circuit that 
converts the BCD input into the 7-segment output code described 
earlier. Driver transistors in the IC provide the current necessary 
to operate the 7-segments of the display. The four bit latch is loaded 
or enabled by the EL input pin. 











| Combinational Logic Circuits | 8-87 


(FRONT VIEW ) ene 





aoa oo co Cm) CC) 
10(q) Nate ee 6(b) 


a 


lie) 2(d) 3(=) 4(c) 5 
co) Co a co pr 





Figure 8-69 
(A) Pin connections for 14495-1 
decoder-driver IC. (B) Pin connections 
for type FND500 7-segment LED display. 





2: Apply power to the circuit. Set data switch SW1 to binary 0. Step 
the BCD counter with the A logic switch. As you do, note the binary 
LED displays L1 (MSB) through L4 (LSB) and the 7-segment 
display. Check to see that the binary number shown is equivalent 
to the decimal number indicated. Step the counter through its ten 
states several times to see that the circuit is performing properly. 


3. Remove the lead connecting pin 14 of the 74LS90A counter to the 
A logic switch and connect it to the CLK output. Set the clock 
frequency to 1 Hz. The clock will now automatically step the 
counter and permit you to observe both the BCD and decimal 
outputs of the circuit automatically. 


4. When the decimal display reads 7, quickly set SW1 to the binary 
l position. Continue to observe LED indicators L1 through L4 and 
the 7-segment display and note your result. 
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ay Modify your experimental circuits so that it appears as shown in 
Figure 8-70. Remove the 74LS90A IC and in its place install the 
74LS193 binary counter. You will continue to use the 1 Hz clock 
to step the counter. Data switch SW2 will be used to reset the 
counter. Connect all unused outputs on 74LS193 to 5V. 





6. Set data switch SW2 to the binary 0 position. Check to see that SW1 
is in the binary 0 position. As before, the counter should change 
States at a 1 Hz rate as indicated by the LED indicators L1 through 
L4 and the 7-segment display. While you are observing the LED 
displays, note the status of the 7-segment readout during the 6 
invalid codes for BCD operation. 


CLLLLLLL Kidde 
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Figure 8-70 
Experimental circuit for Steps 5 and 6. 
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7. Set data switch SW2 to the binary 0 position. Check to see that SW1 
is in the binary 0 position and SW4 is in the binary 1 position. As 
before the counter should change states at a 1 Hz rate as indicated 
by the LED indicators L1 through L4 and the 7 segment display. 
While you are observing the LED displays, note the status of the 
7 segment readout during the 6 invalid codes for BCD operation. 
Does the decoder-driver recognize the six 4-bit binary codes normally 
considered to be invalid in the BCD coding system? 





If your answer to the question above is yes, record the characters 
displayed by the 7 segment readout during these six invalid states. 
1010 

1011 

1100 

1101 

1110 

1111 
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Discussion 





In this experiment you demonstrated the operation of a decoder-driver 
Circuit that accepts a binary or BCD input code and generates the 7- 
segment display signals to produce the numbers O through 9 and other 
characters. In Steps 1 through 5 you used a 74LS90A BCD counter to drive 
the decoder-driver and display. This circuit counts in the standard 8421 
BCD code. As you stepped the counter with the A logic switch, you should 
have generated the four-bit BCD codes as displayed by LED indicators L1 
through L4. At the same time, the corresponding decimal digit should have 
been displayed on the 7-segment readout. Using the 1 Hz clock signal to 
run the circuit permitted you to observe the outputs while the circuit 
Stepped automatically. 


In Step 4 you used data switch SW1 to set the EL input to the binary 1 
State when the decimal output was 7. You should have found that the 7- 
segment display continued to indicate 7 while the clock continued to step 
the counter and display the sequential BCD states on LED indicators L1 
through L4. What you did when you set SW1 to the binary 1 position was 
to store the number 0111 in the latch storage register of the decoder-driver. 
The 7-segment readout displays only the binary or BCD number stored in 
that internal register. By setting the EL line high you effectively inhibited 
the BCD inputs from the binary counter from further affecting the decoder- 
driver. Of course the BCD counter continued to sequence through its 
normal states as indicated by the changing conditions on L1 through L4. 
During the previous part of the experiment, you set SW1 to binary 0 
condition. This enables the latches or D flip-flops in the storage register 
and permitted the 7-segment outputs to follow the BCD input. 
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Figure 8-71 shows a simplified block diagram of the 7-segment decoder- 
driver/latch. The 4-bit inputs are applied to the data inputs of latches that 
are enabled by the EL line. The outputs of these four flip-flops are fed 
through a decoder. The decoder outputs then drive a circuit that generates 
the 7-segment code necessary to display the digits 0 through 9 and letters 
A through F. The output devices are current driven transistors that supply 
the proper current to the segments in the driver. 
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Figure 8-71 
Block diagram of 14495-1 
7-segment decoder driver IC. 


Finally, you replaced the BCD counter with a standard 4-bit binary 
counter. In Step 6, you should have found that the decoder-driver does 
recognize the six states normally considered to be invalid in the BCD 
code. In these six states, the decoder-driver causes the letters A, B, C, 
D, E, and F to be displayed on the 7-segment display. 
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In step 5, you demonstrated the operation of the ripple blanking input. 
When you set SW4 to the binary 0 state, you effectively produced 0 
suppression. When the counter stepped to the 0000 state, the 7-segment 
display should have been blank. It will not display a 0 when the RBI 
input is low. 





Finally, you replaced the BCD counter with a standard 4-bit binary 
counter. In step 7, you should have found that the 9368 decoder-driver 
does recognize the six states normally considered to be invalid in the 
BCD code. In these six states, the decoder-driver causes the letters A, 
B, C, D, E, and F to be displayed on the 7-segment display. 
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EXPERIMENT 20 


Multiplexers 


OBJECTIVES: To demonstrate the operation and applica- 
tion of digital multiplexers. 


Materials Required: 


Heathkit Digital Design Experimenter (ET-3200) 
1—74LS00 IC (443-728) 

1—74LS151 IC (443-878) 

1—74LS193 IC (443-815) 

1—1 kQ resistor 


Procedure 


1. Construct the circuit shown in Figure 8-72. Use a type 74LS00 IC, 
and be sure to connect + 5 volts and ground to pins 14 and 7 respec- 
tively. 


Study the circuit in Figure 8-72 and answer the questions below. 
a. Whattype of circuit is this? 
b. Thetwo signal sources are ——__and. 


c. Thecontrol input is 


74LSO00O Ay 
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Figure 8-72 
Multiplexer circuit for Steps 1 and 2. 
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2. Apply power to the circuit. Set SW1 to the binary 1 position and 
note the circuit output on LED indicator L1. Note the effect of 
switching SW4 off then on. 

The outputis__.._. 

Set SW1 to the binary 0 position. Note the effect of switching SW4 
off and on. 

The output is 





Discussion For Steps 1 and 2 


In step 1, you constructed a 2-input multiplexer or data selector circuit. 
You evaluated the operation of this circuit in step 2. The two input signal 
sources are the 1 Hz clock signal (CLK) and the signal from SW4. Data 
switch SW1 is used as the control input. 


Refer to Figure 8-72. Whenever the SW1 switch is in the binary 1 
position, gate 3 will be enabled. The 1 Hz CLK signal will pass 
through to the output and will cause LED indicator L1 to switch off 
and on at a 1 Hz rate. At this time, gate 1 (which is connected as 
an inverter) inhibits gate 2, thereby preventing SW4 from mitiencing 
the output of the circuit. : 





When SW1 is placed in the binary 0 position, gate 3 is inhibited. 
This causes the output of inverter 1 to be high, thereby enabling gate 
2. At this time, the state of SW4 will be transferred to the output. So, 
the circuit is capable of selecting one of two data sources and routing 
it through to the single output. Switch SW1 controls which data 
source is selected. This circuit is a logical equivalent for a simple 
single-pole double-throw (SPDT) switch. 
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Procedure (Continued) 





3. Construct the circuit shown in Figure 8-73. This circuit uses an 
8-input data selector TTL type 74LS151. The desired input is 
selected by a 3-bit code ABC which is derived from a 74LS193 
binary counter. This 3-bit code is monitored on LED indicators 


L2 through L4. The counter is stepped manually by logic switch 
A. 


SWI 


SW2 


SW3 


SW4 





FROM LOGIC 
SWITCH A 





Figure 8-73 
Experimental circuit for Steps 3 through 6. 





§-96 | UNIT EIGHT | 


The inputs to the data selector or multiplexer are derived from 
data switches SW1 through SW4. The data selector output will 
be monitored on LED indicator L1. 


The pin connections for the 74LS151 data selector are given in 
Figure 8-74. The logic diagram for this circuit is shown in Figure 
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Figure 8-74 
Pin connections for 74LS151 
multiplexer. 
2 
5 6 
OUTPUT Y OUTPUT W 
Figure 8-75 
Logic diagram of 74LS151 
multiplexer. 


4. Refer to Figure 8-75. Write the Boolean output equation for the 
multiplexer circuit shown. Doing this will help you to understand 
what the circuit does. 


Y= 
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5. Apply power to your experimental circuit. Step the binary counter 
with the A logic switch until the L2, L3, L4, states are 000. Observ- 
ing the experimental circuit diagram in Figure 8-73 and the data 
selector logic diagram in Figure 8-75, determine which input on 
the 74LS151 is enabled with this binary code. Then operate each 
of the data switches SW1 through SW4 and determine which one IN Eo 
— the data selector output. Record this information in Table 


Increment the binary counter with logic switch A so that the LED 
indicators L2 through L4 read 001. Again, determine which input 
(D@ through D7) of the 74LS151 multiplexer is enabled. Confirm 
this by actuating SW1 through SW4 until you determine which 
switch causes a change in the output on indicator L1. Record this 
information in Table I. Continue incrementing the counter for all 
eight states and completing the table as indicated. 








Discussion for Steps 3 Through 5 


In these steps you used a binary counter to select one of eight inputs on 
the 74LS151 multiplexer. The binary code from the counter is decoded 
within the multiplexer and enables one of the eight lines (DØ through 
D7). The decimal value of the input line enabled corresponds to the equi- 
valent binary input code. For example, with the input code 101, multi- 
plexer input D5 is enabled. 





Data switches SW1 through SW4 are used as the data source for the multi- 
plexer inputs. Since there are only four switches, each is wired to two 
of the multiplexer inputs. As you can see from Figure 8-73, SW1 drives 
Dg and D2, SW2 drives D1 and D3, SW3 drives D4 and D6 while SW4 
drives D5 and D7. Your data in Table I (MPX input) should reflect this. 


In operating this circuit you should have discovered that only one of the 
eight inputs is enabled at a time. This permits only one input switch to 
effect the output. Setting the switch alternately to binary 0 and binary 1 
should have caused LED indicator L1 to follow. 


In Step 4 you are asked to write the Boolean equation for the 74LS151 
multiplexer circuit in Figure 8-75. Your Boolean equation should appear 
as shown below. 


Y = S(ABCDg + ABCD1 + ABCD2 + ABCD3 + ABCD4+ ABCD5 + 
ABCD6 + ABCD7) 
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Note that each of the inputs Dg through D7 is enabled by its own unique 
input code. Strobe input S is used to enable or disable the entire circuit. 
When the S input line is low, all eight input gates are enabled thereby 
permitting data to pass through to the output. If the strobe input is high, 
all of the gates are inhibited and no data will pass through to the output. 





It is evident from the logic equation that the multiplexer is a sum-of-prod- 
ucts generator for all possible combinations of the inputs A, B, and C. By 
selecting the desired input lines, any Boolean equation in the sum-of- 
products form for three variables A, B, and C can be generated. You will 
demonstrate this concept in the next steps. 


Procedure (Continued) 


6. Modify your experimental circuit to conform to Figure 8-76. Re- 
move the connections from the multiplexer inputs to data switches 
SW1 through SW4. Wire the inputs of the multiplexer as shown in 
Figure 8-76. Connected in this way, the multiplexer becomes a se- 
rial data word generator or a Boolean function generator. 


+5V 





+5V 


FROM 
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O 
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Figure 8-76 
Experimental circuit for Steps 6 through 10. 
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7. Apply power to the circuit. Step the counter with the A logic 
switch until it is in the 000 state as indicated by LEDs L2 through 
L4. At this time observe the multiplexer output on LED indicator 
L1. This is the first bit of an eight bit word to be generated by the 
74LS151 multiplexer. The state you are observing at this time is the 
LSB of the eight bit word. 





Next, step the counter with the A logic switch. At each counter 

state, note the multiplexer output by observing L1. Increment the 

counter until the last bit of the word (counter state 111) is obtained. 

Record the binary word developed and its equivalent decimal TABLE IL 

value in the spaces provided below. 

Serial output binary word = 
0 0 0 


Decimal equivalent = 





8. Without changing the experimental circuit, assume that it is being 
used as a Boolean function generator. Step the counter through its 
eight states and again note the L1 output condition for each of the 
counter states. Use this data to complete the truth table shown in 
Table II. 


9. Using the procedure you learned in a previous unit, write the Boo- 
lean equation (sum-of-products) from the truth table in Table II. Re- 
cord your Boolean equation below. 

Y= 








10. Observing the experimental circuit in Figure 8-76 and using the 
multiplexer logic diagram in Figure 8-75 for reference, write the 
output equation for the multiplexer. Note the states of the multi- 
plexer inputs, then combining this information with the Boolean 
equation for the multiplexer you developed earlier, you should be 
able to write the sum-of-products expression of the output Y for the 
multiplexer input connections given here. 

Y= 
Compare the equation developed here with the equation you pro- 
duced from the truth table in the previous step. 





Discussion For Steps 6 Through 10 


The circuit you wired in Step 6 permits the multiplexer to be used as 
either a serial binary word generator or a Boolean function generator. In 
each case the states of the multiplexer inputs determine the states of the 


outputs for each of the eight possible binary input codes from the 
counter. 
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In Step 7 you used the circuit to generate a serial binary word. The word pro- 
duced by this circuit is 01100101. With the counter in state 000, the multiplexer 
was observing the LSB of this number. This is the binary state at the DM input. 
As the counter was incremented, each new bit in the serial word was generated 
until the 7th counter state (111) was reached. This represents the most significant 
bit of the word (D7). The decimal equivalent of this binary number is 101). An- 
other way to look at this circuit is as a parallel-to-serial converter. The parallel 
input number 01100101 is converted to a serial format by the 74LS151 IC. 





In Step 8 you used the same circuit but interpreted its output as a Boolean func- 
tion generator. Assuming the inputs to the multiplexer are the logic signals A, B, 
and C, the circuit output Y is a function of these inputs and the states of the mul- 
tiplexer inputs D% through D7. As you saw earlier, the multiplexer is capable of 
generating all eight product terms specified by the three bit input. By enabling or 
disabling the various inputs these terms can be added to the output. In this circuit 
multiplexer inputs D8, D2, DS, and D6 have been enabled by a +5 volt signal. 
This means that the terms associated with these inputs will appear in the output. 
You verified this by plotting a truth table for the output. You should have found 
that the circuit produced a binary 1 output when input states 000, 010, 101, and 
110 occurred. 


To determine the Boolean equation, you observed the truth table and wrote down 
a product term developed from the input states where a binary 1 appears in the 
output. For example, an output appears when input state ABC is equal to 010. 
You would then write a product term equal to ABC. All of the terms are then 
summed on the output equation. Your equation should be: 





Y = ABC + ABC + ABC + ABC 


In Step 10 you analyzed the connections to the 74LS151 multiplexer and wrote 
the Boolean equation from the circuit connections. Referring to the Boolean 
equation you wrote for the multiplexer circuit itself, you should have found your 
Boolean equation to be the same as that developed from the truth table. 
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EXPERIMENT 21 





Exclusive OR 


OBJECTIVES: To demonstrate the operation of exclusive 
OR and exclusive NOR gates. 


Materials Required: 


Heathkit Digital Design Experimenter (ET-3200) 
1—74LS00 IC (443-728) 

1—74LS86 IC (443-891) 

1—4001 IC (443-695) 


Procedure 


1. Wire the circuit shown in Figure 8-77. You will use a type 74LS00 
IC. The inputs to the circuit A and B will come from data switches 
SW1 and SW2. The output C will be indicated on L1. Be sure to 
connect + 5 volts to pin 14 and ground to pin 7 on the IC. 








TABLE I 


| 
—— 
| I 
+5V GND 
Figure 8-77 


Experimental circuit 
for Steps 1 through 3. 





2. Apply power to the circuit. Using data switches SW1 and SW2, 
apply the four separate sets of inputs indicated in Table I. For each 
set of inputs, record the corresponding output C and complete 
Table I. 


3. From the truth table you completed in Table I, write the output 
equation for the circuit you evaluated and record below. 
ee 
From the truth table and the equation you can see that the circuit 
does perform the ———————— logic function. 
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Figure 8-78 
Experimental circuit for Steps 4 and 5. 


4. Mount a type 74LS86 IC on the breadboarding socket. Wire it as 
shown in Figure 8-78. The pin connections for this IC are shown 
in Figure 8-79. As in the earlier steps, data switches SW1 and 
SW2 will be used to supply the inputs to the circuit. You will 
monitor the output on LED indicator L1. 


TOP VIEW 





Figure 8-79 
Pin connections for type 74LS86 IC. 


5. Apply the input states A and B as indicated in Table II to the 
experimental circuit. For each set of inputs, monitor the output 
C and record the state in the appropriate space in Table II. 


Study the truth table and determine what function the circuit is 
performing. 


TABLE II 
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6. Construct the circuit shown in Figure 8-80. The inputs will come 
from the data switches and you will observe the outputs on the 
LED indicators. Switch SW4 and LED indicator L4 can be consid- 
ered to be the LSB of the four bit binary word input and output. 
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Figure 8-80 
Experimental circuit 
for Steps 6, 7, and 8. 


7. Set all of the input data switches to the binary 0 state. Observe 
the output state and record your output value below and in Table 
III. 

Input = 0000, Output = ———___________ 

Next, depress the A logic switch. Again observe the output indi- 
cators and record the state presented below and in Table III. 
Input = 0000, Output = ————_______- 

For each of the input states recorded in Table III, record the out- 
put states with the A logic switch in its normal position and in 
its depressed position. 

8. Study the results in Table III. Using this information and the cir- 
cuit in Figure 8-80 plus the results of your previous steps, deter- 
mine the function of this circuit. 


TABLE Ii 
INPUTS i 


oļfjoļfoļo] 
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Discussion For Steps 1 Through 8 





In Step 1 you constructed an exclusive OR circuit using a 74LS00 quad 
two input NAND gate. Applying the inputs A and B indicated in Table 
I you should have found that the output of the circuit was binary 1 when 
either one but not both of the inputs were binary 1. As long as the inputs 
were complementary the output was binary 1. For equal value binary in- 
puts, the output was binary 0. This is typical of the exclusive OR func- 
tion. In writing the Boolean equation of this circuit from the truth table 
you should have found it to beC = AB + AB. 


InStep 4 you wired a circuit using a 74LS86 IC. This is a quad exclu- 
sive OR gate. Four complete exclusive OR circuits are contained 
within this package. With an MSI device such as this, it is unneces- 
sary to implement exclusive OR gates with gate packages as you did 
in Step 1. 


Applying the inputs given in Table II you should have found that the 
circuit in the 74LS86 does indeed perform the exclusive OR function. 
The results you obtained in Table II should be equivalent to that you 
obtained in Table I. 





The circuit you constructed in Step 6 not only illustrates the opera- 
tion of an exclusive OR gate, but also shows one practical applica- 
tion. Here a four bit binary word from the data switches is applied 
to the exclusive OR gates. You noticed from Figure 8-80 that one 
input of each of the exclusive ORs is connected together and wired 
to logic switch A. With logic switch A in the normal nondepressed 
state, output A is binary 0. Knowing the operation of the exclusive 
OR and the state of the input data switches you should be able to 
determine what the exclusive OR gate outputs are. Referring to the 
truth table for an exclusive OR you can see that when one input to 
each of the exclusive OR gates is binary 0, the output of that exclu- 
sive OR gate will be equal to the binary state of the other input. 


When logic switch A is depressed, a binary 1 is applied to all of the 
exclusive OR gates. Looking at the truth table then you can see that 
the output of the exclusive OR will be the complement of its other 
input. The circuit in Figure 8-80 therefore is a binary complementer. 
Under the control of the A input, the output can be equal to the input 
or its complement depending upon the state of the A input. In Table 
III you applied four different inputs and monitored the outputs with 
the A logic switch in both the normal and the depressed states. With 
the A switch in the normal position, the LED indicators should indi- 
cate the state of the inputs. With the A logic switch depressed, the 
LED indicators should show the complement of the input states. 
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Procedure (Continued) 





9. Construct the circuit shown in Figure 8-81. You will use a type 
4001 CMOS quad NOR gate. Inputs A and B will come from data 
switches SW1 and SW2 as before. You will observe the output 
C on LED indicator L1. 





Figure 8-81 
Experimental circuit 
for Steps 9, 10, and 11. 


10. Apply the input states shown in Table IV. Record the output C 
for each of the corresponding input states. Study the table and 
determine what function the circuit is performing. 





From Table IV, write the Boolean equation expressing the opera- 
tion of this circuit. 
C= 


TABLE IZ 





11. Study the circuit in Figure 8-81. Write the output expression C 
for the circuit in terms of inputs A and B. Use Boolean algebra 
and DeMorgan’s theorem to manipulate the output expression 
into its simplest form. Studying the results of your equation, 
determine the function of the circuit. This circuit is known as a 

or a 
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Discussion For Steps 9, 10, and 11 





The circuit you constructed in Step 9 is an exclusive NOR gate. If you 
write the output equation of the circuit you will find that it is C = AB 
+ AB. This, of course, is the Boolean equation for an exclusive NOR gate. 
The exclusive NOR function is the complement of the exclusive OR func- 
tion. 


You plotted a truth table to verify the operation of this circuit. You 
should have found that the circuit output C was equal to binary 1 when 
the two inputs were equal to one another. When the inputs were com- 
plementary, the outputs were 0. Another name for the exclusive NOR is 
comparator or equivalence. 
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EXPERIMENT 22 





Exclusive OR Applications 


OBJECTIVES: To demonstrate practical applications of 
exclusive OR and exclusive NOR gates. 


Introduction 


In this experiment you are going to show some of the ways in which 
exclusive OR and exclusive NOR gates are used to perform practical 
logic operations. The circuits that you will build and experiment with 
represent the most popular applications for the exclusive OR gate. But 
perhaps more important is the fact that in this experiment you begin 
to combine both combinational and sequential logic circuits to perform 
more sophisticated operations. This experiment, therefore, is a vital 
step in your increased understanding of complex digital logic circuits. 


Before you perform each of the experiments to be described, study 
the experimental circuit before you construct it. Be sure that you un- 
derstand what types of components are being used and how they are 
interconnected. Determine the operation of the circuit so that you 
will know what to look for when you evaluate its performance. 





Each of the circuits that you will experiment with here involves sev- 
eral integrated circuits. There is a substantial amount of wiring in- 
volved. Our previous precautions about wiring mistakes are even 
more important in this experiment. Take your time when intercon- 
necting the circuits to avoid wiring errors. If you should have diffi- 
culty in making the experiment perform, verify the circuit wiring 
first. 
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Materials Required: 





Heathkit Digital Design Experimenter ET-3200 
1 —74LS00 IC (443-728) 

1 —74LS20 IC (443-798) 

1 — 74LS04 IC (443-755) 

1— 74LS151 IC (443-878) 
2—74LS76 IC (443-829) 

1— 74LS86 IC (443-891) 

1— 74LS193 IC (443-815) 

1— 74LS95 IC (443-814) 

1—1 kQ resistor 

1— DC Voltmeter or logic probe 


Procedure 


1. Construct the circuit shown in Figure 8-82. This is a four bit par- 
-~ ity generator circuit made from the 74LS86 quad exclusive OR IC. 
The input to the parity generator circuit will come from the bi- 
nary counter 74L5193. You will step the counter through its six- 
teen states and observe the parity bit output on your DC volt- 
meter or logic probe. 


POO |G 





FROM LOGIC 
SWITCH A 








4 | P 
BL 1KQ GND L } ll 
FROM nie BET. TA. 7 O P 
SWITCH B = 
+5V = SW] +5V ono VOLT 
= — METER 
Figure 8-82 


Parity generator circuit 
for Steps 1 through 5. 


2. Study the circuit shown in Figure 8-82. Assume SW1 is in the 
binary 0 position. Will the parity output bit P be odd or even? 





With SW1 in the binary 1 position, will the parity output bit P 
be odd or even? 
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3. Apply power to the circuit. Use logic switch B to clear the binary 
counter. Set SW1 to binary 0 position. Connect your DC volt- 
meter to pin 11 of the 74LS86 IC. Record the binary output state 
of P with the input code 0000. Use the appropriate column in 
Table I. (For TTL circuits binary 1 = +3.5 volts, binary 0 = 
+ 0.1 volts) 


Increment the binary counter with the A logic switch. Observe 
the counter states on the LED indicators. For each of the sixteen 
input states, record the corresponding binary output state of P in 
Table I. 





TABLE I 





4. Repeat Step 3 with data switch SW1 in the binary 1 position. Re- 
cord your output states in the appropriate column of Table I. 


Study your results in Table I and determine which position of 
SW1 produces odd and even parity. 

What function does X-OR gate 4 in Figure 8-82 play in determin- 
ing. the nature of the output parity bit? 

5. Assume that the circuit in Figure 8-82 is a parity checker circuit 
rather than a parity generator. X-OR gates 1 through 3 form the 
parity generator circuit while X-OR gate 4 then becomes the com- 
parator to compare the parity bit transmitted with the data (simu- 
lated by SW1) and the parity bit generated by the word itself 
through gates 1, 2, and 3. Answer the following questions: 

A. What indication does the output P give if this is a parity 
checker circuit? —— ~ ———— 

B. Does the parity generator circuit made up of gates 1, 2, and 
3 generate odd or even parity? 

C. Assume that the input word from the binary counter is 1010 
and the input parity bit from SW1 is binary 1. Does a parity 
error exist? 
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Discussion For Steps 1 Through 5 





The circuit you constructed in Figure 8-82 is a parity generator. X-OR 
gates 1, 2, and 3 form an even parity generator circuit. X-OR gate 4 
is used as a complementer to provide either odd or even parity output. 
When SW1 is in the binary 0 position, the output of X-OR gate 4 will 
be an even parity bit. Setting SW1 to the binary 1 position causes the 
even parity output circuit from X-OR gate 3 to become complemented 
and thus produce an odd parity output. 


You used the 74LS193 binary counter as a truth table generator for 
the circuit. Rather than using the data switches as an input, you use 
the binary counter since the four bit binary code is generated automati- 
cally each time you increment the counter with logic switch A. The 
binary counter makes an excellent truth table generator for producing 
all possible combinations of four logic signals to apply to a combina- 
tional logic circuit for purposes of determining its output states. You 
recorded in Table I both the odd and even parity output bits by setting 
SW1 to binary 0 and then the binary 1 state. With SW1 in the binary 
0 position even parity is produced. Even parity means that the total 
number of ones in the binary word including the parity bit is even. 
With SW1 in the binary 1 position, odd parity is generated. Here the 
total number of ones in the input word including the parity bit is odd. 
Note that the odd and even parity output bits are complementary. 





When using the circuit in Figure 8-82 as a parity checker circuit, X- 
OR gates 1, 2, and 3 form an even parity generator circuit. The output 
of X-OR gate 3 is the even parity bit which is applied to one input 
of X-OR gate 4. This is compared to an externally transmitted parity 
bit which in this case is represented by SW1. 


If the binary input code is 1010, the even parity generator will pro- 
duce the binary 0 output bit so that even parity is produced. At the 
same time if SW1 represents a parity input bit which is binary 1, a 
parity error will be generated. The parity error comparator or detector 
is X-OR gate 4. A binary 1 output will be produced if the two inputs 
to this gate are complementary. This indicates a parity error. No par- 
ity error is indicated when the two bits are equal or alike. 
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Procedure (Continued) 





6. Wire the circuit shown in Figure 8-83. You will again use the 
74LS193 binary counter as a truth table generator. The binary 
code will be applied to the circuit made up from the 74LS86 
quad exclusive OR IC. You will observe the output on LED indi- 
cators L1 through L4. This is a code converter circuit that will 
change the binary code from the 74LS193 counter into another 
code. You will determine that code in the next step. 


FROM LOGIC 
SWITCH A 


5 (LSB) 7486 (LSB) 
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Figure 8-83 


Code converter circuit 
for Steps 6 through 8. 
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TABLE IL 





7. Apply power to the circuit. Depress the B logic switch momentar- 
ily to clear the counter to zero. Record the output code in the 
first space provided in Table II. Increment the counter sixteen 
times and at each step record the output code in Table II. 

8. Observe the code that you copied in Table IJ. What code did the 
code converter circuit generate? 
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9. Wire the circuit shown in Figure 8-84. The 74LS86 quad X-OR 
circuit will be used as a code converter. The input code will 
come from data switches SW1 through SW4. You will observe 
the output code on LED indicators L1 through L4. 
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10. Apply the input code given in Table III to the code converter cir- 
cuit. For each input code, record the corresponding output code 
in the spaces provided. 

11. Study the input and output code in Table III. The input code is 
the code. 

The output code is the 





code. 





Discussion For Steps 6 Through 11. 


In these steps you used exclusive OR gates to construct code convert- 
er circuits. The circuit in Figure 8-83 is a binary to Gray code con- 
verter. The binary code generated by the 74LS193 binary counter is 
applied to the 74LS86 exclusive OR circuit which generates the Gray 
code output. The code you recorded in Table II therefore is the Gray 
code. Check your results by referring back to the Gray code Table in 
Figure 8-51. 
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The circuit in Figure 8-84 is a Gray to binary code converter. You applied 
the Gray code to the input circuit with the data switches. The circuit 
should have generated the corresponding binary output code. Check 
your results by referring to Figure 8-51. 


Procedure (Continued) 


12. Construct the circuit shown in Figure 8-85. This is a four bit com- 
parator circuit that monitors two four bit input words and gener- 
ates an output signal that indicates when the two words are equal. 
The two four bit data sources are the data switches SW1 through 
SW4 and the four bit binary output code from the 74LS193 counter. 
The binary counter output is monitored on LED indicators L1 
through L4. The comparator circuit is made up of the 74LS86, 
74LS04, and 74LS20 ICs. The output is monitored on a DC voltme- 
ter or logic probe. | 
Study the circuit in Figure 8-85 and determine the need for the 
74LS04 inverters at the output of the exclusive OR gates. What are 


the purposes of these inverters? 


FALS86 ft DV 74LS04P + 5V 





SW4 (LSB) -— 
E Dre pie 
2 1 Í +5V 
DATA  SW3 4 i 2-74LS20f 1/6-74LS04 


| l3! 2E 
SWITCHES J > psa r 
| 7 13 5 Se 6 Jêr 6 tu l 
10 rt L-2 L- 
a 12l 19 g = V 
1D i 


ri DC 
Ze Gael VOLTMETER -L 
BL - 
L4 
LSB 


D 5 
Il p 
D 5 
eg 
p r 
Ll 
FROM LOGIC i 4 7 



















VAY 


DDES 


SWITCH A -H y 16 
> 2 COUNT | 74193 i 
CLR Bsn 
FROM LOGIC 4 3 1KQ 
SWITCH B GND 
B = 
Figure 8-85 


Comparator circuit 
for Steps 12 and 13. 
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13. Apply power to the circuit. Depress the logic switch B momentar- 
ily to reset the counter to 0000. Verify the operation of the com- 
parator circuit by setting the number 0011 into the data switches 
(SW4 = LSB). Then using the A logic switch, increment the 
74LS193 counter. Observe the DC voltage at the output. As soon 
as the output voltage rises to the binary 1 level, compare the LED 
indicator display with the data switch state. They should be 
equal. 


Set different values of four bit binary numbers into the data 
switches and again increment the counter with the A logic switch 
noting when the DC voltmeter reads the binary 1 voltage level at 
the output. For each set of input words, compare the LED indi- 
cator states to the data switch value when the output goes high. 





Discussion For Steps 12 And 13 


In these steps you constructed a binary comparator circuit and verified 
its operation. You compared the four bit binary word from the data 
switches to binary number generated by the 74LS193 counter. When the 
two numbers were equal, the DC voltmeter output indicates a binary 1 
level. 





A binary comparator circuit is constructed by using an exclusive NOR 
gate for each pair of corresponding bits in the words to be compared. The 
exclusive NOR gates are constructed in this circuit by connecting inver- 
ters at the outputs of the exclusive OR gates in the 74LS86. The outputs 
from the 74LS04 inverters are then ANDed in the 74LS20 NAND gate. 
The 74LS04 inverter at the output of the 74LS20 makes the circuit pro- 
duce the AND function. The output is a binary 1 when the two four bit 
input words are identical. 


Procedure (Continued) 


14. Construct the circuit shown in Figure 8-86. This is a complex 
circuit so be careful in putting it together. There are six integrated 
circuits involved and many wiring connections. Be sure to con- 
nect +5 volts and ground to each IC. Don’t forget to connect 
pins 2 and 7 on IC-74LS76 to + 5V. 
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This circuit is a serial binary adder. Two 4-bit serial binary num- 
bers are fed into a full adder circuit. One of the numbers to be 
added (the addend) is stored in the 74LS95 4-bit shift register. 
The other 4-bit number (the augend) is stored in the data 
switches and converted to serial form by the 74LS151 multi- 
plexer. The adder is made up of the 74LS86 exclusive OR and 
the 74LS00 quad 2-input NAND gate. The two numbers are 
added a bit at a time and the sum is shifted back into the 74LS95 
and displayed on LED indicators L1 through L4. One of the JK 
flip-flops in the 74LS76 IC is used as a memory for the carry bit 
(Co) generated by the adder. The A logic switch is used to gener- 
ate the clock or shift pulses. The B logic switch is used to reset 
the circuit. 
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Figure 8-86 
Serial binary adder 
circuit for Steps 14 through 17. 
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15. Apply power to the circuit. Set the binary number 0111 into the 

data switches. Connect a wire from pin 6 of the 74LS95 shift regis- 
ter to +5 volts. This is the mode control input to the 74LS95 shift 
register that determines whether the device is parallel loaded or 
produces a shift right operation. In this step, you will load the reg- 
ister from the data switches. This will happen when the mode con- 
trol input line is high. Depress the A logic switch once to load the 
data into the registers. The LED indicators should then read the 
same as the data switches, 0111. 
Move the wire from pin 6 on the 74LS95 to ground. Set the data 
switches to 0101. Depress the B logic switch to reset the 2-bit bi- 
nary counter driving the 74LS151 multiplexer and the carry flip- 
flop. 


16. Depress the A logic switch four times. Each time you depress it, 
you will note a change in the LED display as the circuit generates 
the sum and shifts it into the 74LS95 register. Once four shift 
pulses have been generated, note the LED output display and re- 
cord the number. 

Sum = 


17. Repeat step 15 several times, but use different binary numbers each 
time. Remember that, since the 74LS95 has a maximum content of 
four bits, the sum must be 15 (1111) or less if it is to appear correctly 
in the register. Repeat the operation several times to be sure that 
the circuit does perform properly. 


Discussion For Steps 14 Through 17 


The procedure for operating this adder circuit is to first load the 74LS95 
shift register. You did this by setting the mode control at pin 6 to binary 
1 to permit presetting of the register from the data switches. You de- 
pressed the A logic switch to generate the clock pulse that loads the 
74LS95 register with the number 0111. You then returned the mode con- 
trol to binary 0 so that the register would shift right. 


Next, you set the number 0101 into the data switches. The 74LS151 mul- 
tiplexer converts this parallel word into a serial word as it is sequenced 
by the two bit binary counter made up of a 74LS76 dual JK flip-flop IC. 
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Next, you used the A logic switch to generate shift pulses that cause 
the addition to occur. The number in the 74LS95 shift register is 
shifted out into the adder. These same pulses increment the binary 
counter and sequence the multiplexer. The sum is stored in the 
74LS95. The correct sum should have been 1100. 





The binary adder in this circuit operates just like the full adder cir- 
cuit discussed previously in the unit. The only diference is the addi- 
tion of a JK flip-flop from a 74LS76 IC to use as a carry memory. 
Since we are adding a single bit at a time, some means must be pro- 
vided for remembering the occurrence of a carry so that it can be 
added to the next most significant bits in sequence. 


The JK flip-flop stores this carry. Note that the output of one gate in 
the 74LS00 IC is labeled carry-out (Co). This is applied to the JK in- 
puts. Assume that the LSBs of the numbers to be added are applied 
to the adder. The carry output line at this time will have on it a bi- 
nary state that indicates the presence of a carry bit if the states of the 
input bit are such that it produces a carry. Assuming that a carry is 
produced, this carry signal will be loaded into the JK flip-flop when 
the first clock pulse occurs. At the same time, the adder is generating 
the proper binary sum of the two LSBs. This is applied to the serial 
input of the 74LS95 shift register. Therefore, when the first clock 
pulse occurs, the first sum bit is loaded into the 74LS95 shift register 
and the carry state is stored in the JK flip-flop. 





The least significant bits have now been added and lost. The next 
most significant bits now appear at the adder inputs. The proper sum 
is generated and appears at the serial input of the 74LS95 shift regis- 
ter. At the same time, the carry state from the previous two bits 
stored in the JK flip-flop is applied to the carry input (Ci) of the 
adder. This ensures that the previously generated carry is added to 
the next two most significant bits. The proper sum then is generated 
and is loaded into the shift register when the next clock pulse occurs. 
Also during the next clock pulse time the carry state of the presently 
monitored bits is stored in the JK carry flip-flop. This action is con- 
tinued until all four bits have been added. At this time the proper 
sum is in the 74LS95 shift register. 
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UNIT EXAMINATION 





The purpose of this exam is to help you review the key facts in this unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and answer all 
of the questions first before checking the answers. 


1. Drawa logic gate decoder that recognizes the number 23. 


2. A decoder has inputs ABCDEF where A is the LSB of a number. 
The number being recognized is: 





a. 011001 
b. 011000 
c. 100110 
d. 110010 


3. A decoder with four inputs can have a maximum of how many out- 


puts? 
a. 4 
b. 8 
c 16 
d. 32 


4. Which ofthe following cannot be used as a decoder? 
a. inverter 


b. NAND 
c. AND 
d. NOR 


5. Ina multiple output decoder made with NAND gates, which of the 
following is true? 
a. Theselected output will be high. 
b. Theselected output will be low. 
c. Only one output will be high. 
d. Only one output will be low. 
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10. 


11. 


12. 


Another name for a data selector is: 
a. decoder 
b. demultiplexer 
c. encoder 
d. multiplexer 


Parallel-to-serial data conversion can be performed with which of 
the following? 

a. demultiplexer 

b. multiplexer 

c.  shiftregister 

d. decoder 


The input selected by a multiplexer is determined by a multibit 
input called the: 

a. inputcode 

b. outputcode 

c. address 

d. channel number 


The multiplexer in Figure 8-25 has inputs-D@ D2, D3, D5, and 
D7 grounded. Inputs D1, D4, and D6 are connected to +5 volts. 
The sum-of-products Boolean output is: 

a. ABC + ABC + ABC 

b. ABC + ABC + ABC 

c. ABC + ABC + ABC 

d. ABC + ABC + ABC 


A circuit that generates a specific output code in response to an 


input is called a(n): 
a. encoder 
b. decoder 


c. code converter 
d. data selector 


The Boolean equation for an exclusive OR is: 


a. XY+XY 
b. XY+XY 
c XY+XY 
d. XY+XY 


A single bit comparator is called a(n): 
a. exclusive OR 
wired OR 
c. exclusive NOR 
d. NORgate 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


The circuit that detects bit errors in a binary word is called a: 


a. comparator 

-b. exclusive NOR 
c. decoder 
d. parity detector 


The parity bit added to the word 101011010110 to create even par- 


ity is: 
a. 0 
b. 1 
Add the following binary numbers: 
a. 10010 b. 11111 
+11011 +10001 


The circuit that would change the pure binary code into ASCII is 


called a(n): 
a. code converter 
b. decoder 


c. encoder 
d. demultiplexer 


The input applied to a ROM is called the: 
a. inputcode 
b. address 
c. data 
d. microinstruction 


How many bytes of data can be stored in a 16384 bit ROM? 


a 512 

b. 1024 
c. 2048 
d. 4096 


An LSI circuit that implements multiple sum-of-products Boolean 
equations is called a(n): 
a. multiplexer 


b. ROM 
c. decoder/demultiplexer 
d. PLA 


The main element of a microprogrammed controller is a(n): 
a. address register 
b. PLA 
c. ROM 
d. binary counter 
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21. 


22. 


23. 


24. 


29. 


A ROM has six inputs and eight outputs. How many bits does the 
ROM store? 


a. 512 

b. 1536 
c. 2048 
d. 4096 


Draw the diagram of a decoder to recognize the number ABCD = 
1011. There is more than one possible solution. 


Which of the following is not a good ROM application? 


a. look-up table 

b. code conversion 
c. squaring (X?) 

d. addition 

e. microcontroller 


A combinational logic circuit whose multiple sum-of-product out- 
puts can be programmed by the user is a(n): 
a. multiplexer 


b. decoder 
c. PLA 
d. ROM 
Which of the following is not an application for an exclusive OR? 
a. codegeneration 
b. complementing 
c. addition 
d. parity generation 
e. codeconversion 
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EXAMINATION ANSWERS 


1. See Figure 8-87 


23210111 


MSB 1 

0 De 

l 

l 
LS8 1 

Figure 8-87 
Solution to Question 1. 

2. C.—100110 
3. c.—16 2*=16 
4. a—inverter 
5. b.—The selected output will be low. 


d.—Only one output will be low. 
. d—multiplexer 
. b.—multiplexer 
c.—shift register 
8. c.—address 
9. d.—ABC + ABC + ABC 
10. a.—encoder 
11. b-XY + XY 
12. c—exclusive NOR 
13. d.—parity detector 


N O) 





14. b.—1 

15. a. 10010 18 b. 11111 31 
+11011 27 +10001 17 
101101 45 110000 48 


16. a.—code converter 

17. b.—address 

18. c.—2048 One byte = 8 bits 
16384 + 8 = 2048 

19. d—PLA 

20. c.—ROM 

21. a-512 2° = 64,64x8 = 512 





8-1 24 UNIT EIGHT 








22. See Figure 8-88 


A | IO g =æ 
ABCD-1011 
B o 
C Pe e 
D | IO © 
Figure 8-88 


Solution to Question 22. 


23. d.—addition 
24. c.—PLA 


25. a.—code generation 
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INTRODUCTION 





Semiconductor memories are integrated circuits that store digital data. 
Like flip-flop registers, semiconductor memories can store multi-bit bi- 
nary words. However, semiconductor memories are capable of storing 
many thousands of these binary words. They are used primarily in digital 
computers to store programs and data. You will also find integrated cir- 
cuit memories in almost all electronic equipment implemented with di- 
gital circuits. For this reason, no study of digital techniques is complete 
without coverage of semiconductor memories. 


There are two basic types of semiconductor memories: RAMs and ROMs. 
RAMs (random access memories) are devices where data can be stored 
and later retrieved. Also called read/write memories, RAMs are used for 
the temporary storage of binary data. Typical RAMs can store from sev- 
eral hundred bits to hundreds of thousands of multi-bit binary words. All 
of these words are randomly accessible in less than a microsecond. 


ROMs (read only memories) are devices where binary data is perma- 
nently stored and can be accessed whenever it is needed. Therefore, the 
data stored in ROM cannot be lost or replaced by other data. You have 
already learned about ROMs in Unit 8. Additional coverage of ROMs is 
included in this Unit. You will learn the various types of RAMs and 
ROMs, how they work, and how they are used. Typical integrated circuit 
memories will be introduced and discussed. 
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UNIT OBJECTIVES 





When you complete this Unit, you will be able to: 
1. Drawablock diagram of the hierarchy of semiconductor memories. 


2. Describe the organization of random access read/write and read 


only memories. 


3. Name the two major types of read/write memories, describe how 
they operate, and compare and contrast their characteristics and 
applications. 


4. Name the types and explain the operation of programmable read 
only memories. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “Memory Types and Organization”. 
Answer Self Test Review questions 1-15. 
Read “Memory Characteristics and Specifications”. 
Answer Self Test Review questions 16-21. 
Read “Read/Write Memories”. 

Answer Self Test Review questions 22-34. 
Read “Dynamic Memories”. 

Answer Self Test Review questions 35-46. 
Read “Programmable Read-Only Memories”. 
Answer Self Test Review questions 47-62. 
Perform Experiment 23. 

Complete the Unit Examination. 


Review the Examination Answers. 
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MEMORY TYPES AND ORGANIZATION 





Memories are electronic circuits that store large quantities of binary data. 
Over the years, a wide variety of electronic circuits have been used to im- 
plement digital memories. Delay lines, cathode ray tubes, and magnetic 
drums were common in the very early digital computers. Relays, vacuum 
tubes, and magnetic tape have also been used as storage media for binary 
data. For many years, the most common memory element was a tiny 
doughnut shaped magnetic core. This core can be magnetized in one of 
the two directions to store a single binary bit. Many thousands of these 
tiny cores were organized and interconnected to form memories where 
thousands of multi-bit binary words could be stored. Magnetic core 
memories are still found in many of the older computers in use today. 
And, they are, in fact, still used in some critical. high-reliability com- 
puters for military and space applications. 


For the most part, all types of electronic memories have been replaced 
by semiconductor memories in new computers and other digital equip- 
ment. High density integrated circuit memories were originally de- 
veloped in the early 1970's, and during the past decade have been refined 
to a considerable degree. Today, semiconductor memories capable of 
storing hundreds of thousands of bits of data on a single tiny chip are 
available for extremely low prices. Integrated circuit memory chips have 
become the most reliable and economical form of binary storage, regard- 
less of the application. Because semiconductor memories predominate 
today, this Unit focuses only on the various types of semiconductor 
memories. 
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Memory Classification 


Figure 9-1 shows the hierarchy of semiconductor memories. The two 
basic types of semiconductor memories are read/write memories and 
“read only” memories. Both types are made up of many individual stor- 
age elements, each capable of storing one bit of data. Flip-flops and inte- 
grated capacitors are typically the storage elements used. 


SEMICONDUCTOR 
MEMORIES 
READ/WRITE READ ONLY 
MEMORIES MEMORIES 
RANDOM rT | ROM PROGRAMMA BLE 
ACCESS MEMORIES 


MEMORIES 
STATIC DYNAMIC REGISTERS BUBBLE 


Figure 9-1 


Hierarchy of Semiconductor memories. 


Read/write memories are devices into which data can be stored and then 
later retrieved. When data is stored in a memory, it is said to be written 
into it. When the data is to be retrieved from the memory, it is said to be 
accessed or read. Read/write memories are simply temporary storage lo- 
cations for binary words. Binary data is stored in the memory for some 
undetermined length of time, depending upon the application. Later, if 
that data is needed, it can be accessed and read out of the memory into 
other digital circuitry for processing. 


The binary data normally stored in a read/write memory can take on 
many different meanings. Data words stored in the memory may simply 
be ASCII coded text, numerical data, or computer instructions that form 
a program. The memory itself pays no attention to the exact meaning of 
the data. It is up to the external circuitry connected to the memory to in- 
terpret the data and process it properly. 


As you can see in Figure 9-1, there are two primary classifications of read/ 
write memories, random access memories (RAMs) and serial memories. 
RAMs store parallel binary data that can be accessed at random. Any one 
of thousands of binary words can be located directly without reference 
or interference to all other binary words. The two types of RAMs are static 
and dynamic. You will learn about both types later in this Unit. 
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Serial memories store serial binary data. To access any desired binary 
word, you must sequence through all other words until you find it. The 
classifications of serial memories are shift registers, special devices 
known as charge .coupled devices (CCDs), and magnetic bubble 
memories. Shift register memories will be covered later, but CCDs and 
bubble memories will not be discussed as they are largely experimental 
and not widely used. 





Of the two types of memories, RAMs are faster and the most desirable, 
but they are also more expensive. Serial memories are slower but some- 
what less expensive. Because RAMs are by far the most widely used, we 
will emphasize static and dynamic RAMs in this Unit. 


Refer again to Figure 9-1. Another major class of memory is the read only 
memory, or ROM. As its name implies, aROM can perform the read func- 
tion only. Data is permanently stored ina ROM usually when it is man- 
ufactured. In other words, the desired data words, computer instruc- 
tions, and other binary information is initially written into the memory 
and cannot be changed. However, information can be accessed and read 
out at any time. 


ROMs are far more economical, faster, and can store greater volumes 
of data than read/write memories. They are very commonly used in 
digital equipment to store frequently used binary information. As with 
a read/write or random access memory, the ROM can store numbers, 
text, computer instructions, or useful bit patterns of some kind. In addi- 
tion, you have also seen in a previous Unit how ROMs can be used 
to perform a variety of useful digital logic functions. In any case, the 
data ina ROM cannot be changed. 





Read only memories have already been discussed in Unit 8. Later in 
this Unit we will expand upon that coverage, introduce programmable 
read only memories, and show how this special class of ROM can be 
programmed in the field. 
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Memory Organization 





There are two major ways in which semiconductor memories are organized and 
data accessed. The first is the serial memory with sequential access to data, and 
the second is the parallel or random access method. Both types are widely used 
in digital equipment, but the parallel or random access memories predominate 
because of their higher speed and simplicity. Serial memories are used in appli- 
cations where slower speeds and lower cost are important. 


SEQUENTIAL ACCESS 


Serial memories are circuits in which data is stored and retrieved sequentially. 
The earliest successful semiconductor memories were sequential access devices. 
A good example of a typical semiconductor sequential access memory is a shift 
register. Large shift registers contain many flip-flops or capacitive storage ele- 
ments and can store many bits of data. For example, a typical early shift register 
memory was capable of storing 1024 bits of data. A 1024-bit shift register can, 
for example, store 128 bytes of data (1024/8 = 128). Recall that a byte is an 8-bit 
word. Shift registers containing from several hundred to many thousands of stor- 
age elements are widely available. 





Figure 9-2 shows the organization of a typical sequential access shift register 
memory. Assume a total shift register length of 1024 bits. Further assume that 
we will store 128 bytes of data. These 128 bytes, numbered O through 127, are 
stored end to end in adjacent shift register storage elements. To store data, the 
desired byte is shifted into the shift register a bit at a time. To access a byte of 
data, the desired word is shifted out a bit at a time. 


1024 BIT SHIFT REGISTER 


BIT 1023 MSB 8 BITS/WORD 
DATA IN DATA OUT 
BYTE 127 BYTE 126 BYTE 3 BYTE 2 BYTE 1 BYTE 0 (BIT 0) 


Figure 9-2 
Storing data words sequentially in a serial 
shift register memory. 
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The 1024 storage elements are divided into 128 locations where 8-bit 
words can be stored. Each word location is given a number, called the 
address, between 0 and 127. Address 0 is the first location in memory 
while address 127 designates the last storage location in the memory. 
Data is entered and retrieved with the LSB (least significant bit) of the 
data word being stored and accessed first. By numbering the various 
memory locations, you can easily access a desired piece of data which 
you may have stored in a specific location. 





The circuitry used for controlling read/write operations and locating a 
selected binary word is shown in Figure 9-3. The bit and address coun- 
ters keep track of the memory contents on a bit and word basis. The bit 
counter is a three-bit binary counter whose input is connected to the 
clock signal that operates the shift register. Recall that data is shifted to 
the right one bit at a time for each clock pulse. Recall also that a three 
bit counter has eight possible states (000 through 111), one state for each 
bit in a memory word. For every eight clock pulses, the bit counter recy- 
cles, indicating that another 8-bit word has been shifted eight positions 



















to the right. 
DHe eee 
SERIAL Ca 1024 BIT SHIFT REGISTER 
A BIT WORD OR ADDRESS 
COUNTER COUNTER 
| TTI 
vv ee 
PARALLEL 
Te 
READ/WRITE BPRS! 
ADDRESS 
REGISTER a 
“pure - ADDRESS INPUT 
Complete sequential access memory using a SERIAL 
shift register. DATA OUT 


The bit counter drives the 7-bit word or address counter. Each time the 
bit counter recycles, it toggles the address counter which keeps track of 
the number of words shifted. The output of this 7-bit counter is a number 


that designates the location of a specific place in the memory where data 
is stored. 


Assume that both the bit and word counters are initially reset. The ad- 
dress, therefore, is 0000000. This is the binary address for memory loca- 
tion 0 in the memory. At this time, the LSB of byte 0 appears at the output 
of the shift register. 
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Now assume that clock pulses are applied to the shift register. As each 
clock pulse occurs, the bits of the byte stored in location 0 are shifted out 
of the register a bit at a time. After 8 clock pulses have occurred, byte 0 
will have been completely shifted out of the register. On the 8th clock 
pulse, the bit counter recycles from 111 to 000 and,therefore, toggles the 
address counter so that its content is now 0000001. This is the address 
for the next word in sequence at location 1. At this time, the LSB of byte 
1 appears at the output of the shift register. 





Now that you have some idea as to the organization and operation of a 
shift register sequential memory, let’s take a more detailed look at both 
read and write operations. 


Refer again to Figure 9-3. Gates 1, 2, and 3 form a two input multiplexer. 
The input to gate 2 of the multiplexer is the external serial data that 
is to be stored in memory. The other input to the multiplexer is applied 
to AND gate 1. This input is derived from the output of the shift register. 
During a read operation, bits are shifted out serially, usually into 
another shift register for storage and then further processing. In order 
that the word not be lost during the read process, the data is simply 
shifted back into the shift register. This is known as data recirculation. 
The 128 bytes of data stored in the shift register are continuously recir- 
culated so that none of it will be lost. 





The remaining circuitry in Figure 9-3 consists of an address register and 
a comparator. To identify a specific memory location, a parallel binary 
address is loaded into the address register. The output of this register is 
applied to a 7-bit comparator. The other input to the comparator is the 
output of the 7-bit address or word counter. To locate the binary word 
stored at location 5, for example, the number 0000101 is loaded into the 
address register. This number in turn appears at one of a set of inputs to 
the comparator. Clock pulses are applied to the shift register and the bit 
counter. The address counter is incremented until it contains the number 
0000101. At this time, the comparator output EQUAL is binary 1 indicat- 
ing a match. This output is used as one of the enable inputs to output 
AND gate 4. If a read operation is taking place, the read/write input line 
will be high, furnishing an additional input enable to AND gate 4. 


To perform a read operation, the read/write control line is set high. This 
enables gates 1 and 4. The bits of the word stored at location 5 are shifted 
out of the register serially and passed through gate 4 to the output. The 
data is also recirculated through gate 1 so thatit will not be lost. 
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A write operation is similar, since the location into which data is stored 
is entered into the address register. The clock pulses occur and increment 


both the bit and address counters. When the comparator signals a match, 
it enables AND gate 2. The read/write control line is binary 0 at this time, 
thereby enabling gate 2 through the inverter. The word to be stored is ap- 
plied to gate 2. As clock pulses occur, the external word is shifted in a 
bit at a time, LSB first. After 8 clock pulses occur, the address counter 
is incremented. The comparator output goes to binary 0, inhibiting gate 
2 and ending the write operation. 





While shift register memories are not as widely used as they once were, 
you will still find them in some types of digital equipment. They are par- 
ticularly useful where the data is already in serial form. Sequential access 
memories are slow because you do not have direct access to a given word. 
You must step through all of the bits in the various words until you come 
to the one that you want. This greatly slows down both read and write 
operations. However, for some applications speed is of less importance 
and sequential access is satisfactory. With today’s high speed shift regis- 
ters which can operate at speeds in excess of 20 MHz, even sequential 
access is relatively fast. 


In some instances, you will also find that sequential access memories are 
also lower in cost. In those unique applications where serial data, low 
cost, and moderate access speeds are required, sequential access 
memories will suffice. 





RANDOM ACCESS 


Random access memories, like sequential access memories, are or- 
ganized as many storage locations for fixed length binary words. How- 
ever, in the random access memory each word is directly accessible. Any 
word location is randomly addressable and data may be either written 
into, or read from, that location. It is not necessary to sequence through 
all other words in memory to get to the one you want. Reading or writing 
operations usually take place with parallel rather than serial data. Be- 
cause of this form of organization, memory speed is much higher than 
that of sequential access memories. Any given memory location can be 
addressed and data can be stored into that location or read from it in 500 
nanoseconds or less. 
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Figure 9-4 


Random access memory organization. 


Figure 9-4 is a simplified block diagram of arandom access memory. The 
memory is made up of storage cells grouped to form locations capable 
of storing a fixed length binary word. In most digital and microcomputer 
systems, an 8-bit word length is typical. Most memory ICs contain 
thousands of such storage locations. Each storage location is similar to 
an 8-bit register. While some semiconductor memories do use flip-flops 
as the basic storage cell, other types of semiconductor memories do not. 
More on this later. 


Each of the storage locations is given a number called the address. The 
address is a parallel binary number that designates a specific storage lo- 
cation. The parallel address word is applied to a decoder circuit that en- 
ables one of the memory locations. 
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To use a random access memory, an address word is applied to the de- 
vice. A read/write (R/W) control line on the memory selects the operation 
to be performed. If a read operation is selected, data from the memory 
location enabled by the decoder is read out in parallel. Usually this data 
is loaded into an external register for further processing. If a write opera- 
tion is selected, the data to be stored is applied to the parallel data input 
lines. The word is then stored in the memory location enabled by the de- 
coder. 





It is important to point out that the basic random access memory organi- 
zation shown in Figure 9-4 applies to ROMs as well as to read/write 
memories. Read/write memories are called RAMs even though ROMs are 
also random access in nature. 


Self Test Review 


1. Thetwo basic types of semiconductor memories are: 





A. 
B. 


2. The general name for the device that stores one bit of data is: 


A. register 
B. word location 
C. storage cell 


D. flip-flop 
3. Tostore datainaRAM,a_____ operation is performed. 
4. To retrieve data from a RAM, a _____ __ operation is per- 


formed. 
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10. 


11. 


12. 


13. 


14. 


15. 


Memories that can store and retrieve data are called 

Memories into which data is permanently stored are called 

Memories that store and retrieve data serially are referred to as 
memories. 

The main storage device ina serial memory is a 

The number of BCD digits that can be stored in a 2048-bit serial 

memory Is 


To prevent the loss of serial data during a read operation, the data 
is 


The binary number used to designate the location of a specific 
word in memory is called the 


Any data word can be retrieved directly in a 
memory. 
The binary format of the input/output data used with a RAM is 


The circuit in a RAM that selects the desired word is called the 


A ROM iis also a ——————— — memory. 
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Answers 


1. A— Read/Write (RAM) 
B — Read only (ROM) 


2. C — storage cell 

3. write 

4. read 

5. read/write or random access memories 
6. read only memories 

7. sequential access 

8. shift register 


9.512 2048 + 4 = 512 Each BCD digitis 4 bits. 





10. recirculated 
11. address 

12. random access 
13. parallel 

14. decoder 


15. random access 





‘a 
l ^a 
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MEMORY CHARACTERISTICS AND 
SPECIFICATIONS 





All semiconductor memories have certain characteristics and specifica- 
tions that indicate their performance and capabilities. These include vol- 
atility, access time, size, and organization. Let’s consider each of these 
characteristics in more detail. 


Volatility 


Volatility is a common characteristic of most read/write semiconductor 
memories. Volatility refers to the loss of all stored data when power is 
removed. Keeping in mind that the storage cells for binary data in 
semiconductor memories are electronic circuits or components, it is un- 
derstandable that when power is not applied to them, they cannot func- 
tion. For example, as long as power is applied to a flip-flop it can be set 
or reset to store one bit of data. A capacitor can be charged or discharged 
to represent a binary 1 or 0. However, when no power is available, charge 
and discharge operations cannot be performed. As long as power 
supplies furnish the rated voltage, semiconductor memories perform 
superbly. But even a minor power line aberration or a momentary power 
loss will cause data to be lost. If the power is interrupted for even micro- 
seconds, most semiconductor RAMs will be erased. 





Volatility is a characteristic that is undesirable in semiconductor 
memories. However, little can be done to overcome it. In most applica- 
tions this is not a great disadvantage. The standard AC power line is in- 
credibly reliable and only in rare cases can power failure cause a disrup- 
tion of service and the loss of valuable data. In computers and digital 
equipment using semiconductor memories, power supplies are designed 
with extra filtering and regulation capabilities that help eliminate minor 
short—duration power glitches. In critical applications, back-up power 
supplies are provided. In some equipment, for example, battery supplies 
are provided. These cut in automatically should a power failure occur, 
and cause the data to be retained until power is restored. Large computer 
systems often have separate motor-generator sets for maintaining con- 
tinuous power independent of commercial power lines. 


Read only memories are non-volatile. Because data is permanently 
stored in a ROM when it is manufactured, the loss of power does not de- 
stroy the memory contents. This characteristic also applies to programm- 
able read only memories. These are memories which can be programmed 
after they are manufactured. In critical applications where data must be 
retained, a ROM is often used. 
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Access Time 





Access time is the time interval between the instant at which data is 
requested from memory and the instant at which the information is 
available. Access time, also referred to as read time, is that short period 
between the time the desired word in a semiconductor memory is ad- 
dressed and the time that word appears at the memory output. Typically 
a word is requested by applying a binary address to the memory device. 
The binary address plus other control signals are the inputs to the mem- 
ory device that signal the request for information. Keeping in mind 
that a semiconductor memory is nothing more than a digital logic cir- 
cuit, you can see that it requires a finite period of time for these logic 
signals to propagate through the various gates and circuits in the mem- 
ory. Some time later, the requested information becomes available at 
the output. 


The access time of most semiconductor memories is measured in 
nanoseconds. In some very high speed bipolar memories, access time is 
less than 20 nanoseconds. In conventional MOS LSI memory devices, ac- 
cess times from 100 to 500 nanoseconds are typical. 


The access time is sometimes defined in terms of the time interval re- 
quired to store data in a random access read/write memory. The write 
time is that interval between the time data is applied to the memory for 
storage and the instant at which the storage function is complete. Again, 
to store data in a memory,the address of the desired storage location is 
applied to the memory device. The data to be stored is also applied. After 
the various propagation delays have occurred, the actual storage function 
takes place. Write times are also very short and range from a few 
nanoseconds to several hundred nanoseconds depending upon the type 
of memory device used. 
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Memory Size 





Memory size refers to the number of bits of data that a semiconductor memory 
can store. The earliest form of semiconductor memories could store only a few 
bits of information. They weren’t much larger than a shift register. A typical 
early TTL semiconductor memory had a maximum storage capability of 64 bits, 
for example. Today, memory ICs capable of storing up to 1,000,000 bits are 
commonly available. As semiconductor technology improves year after year, 
storage capacities increase regularly. Most semiconductor memory ICs store a 
number of bits that is some power of 2. Since the address word applied to a 
semiconductor memory is a binary number, it is convenient and desirable to have 
the address word define the total number of memory locations. For example, an 
8-bit address word can define 256 memory locations. A 12-bit address can define 
4096 memory locations or bits of data. 


Table I shows the relationship between number of address bits and the total num- 
ber of bits of storage that can be addressed. The third column is a shorthand 
notation for designating memory size. Note that a 4096-bit memory is also re- 
ferred to as a4K memory. K in electronics shorthand generally means 1,000. A 
4K memory then would be one with 4,000 bits of storage. However, because we 
are using powers of 2, the designation K when used with respect to memories re- 
fers to 1024. Therefore, a 4K memory means 4096 bits of storage. 





NUMBER OF NUMBER OF BITS NUMBER OF BITS 
ADDRESS BITS OF STORAGE (SHORTHAND) 


65,536 





K = 1024 
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Memory Configuration 





Memory configuration refers to the ways that the bits of storage in the 
semiconductor memory device are organized into storage locations for 
multi-bit words. The size of a memory IC tells only the total number of 
available bits of storage. The size figure does not indicate how those bits 
are arranged. For example, consider a semiconductor memory capable of 
storing 1024 bits. This 1K memory could be organized as 1024 memory 
locations for 1-bit binary words. This organization is generally indicated 
by ashorthand designation 1K by 1 or 1K x 1. 


Another arrangement of the 1K memory could be 256 four bit words. 
Again the total number of bits is 1024, but the memory is simply or- 
ganized to store 256 parallel 4-bit words. This designation is 256 x 4. 


There are many different kinds of memory configurations. The larger 
the number of bits, the greater the number of possible variations. How- 
ever, only certain configurations are popular and practical. For exam- 
ple, in a 16K bit memory, a 16K x 1 organization is popular. Memory 
chips with this organization can then be grouped together to form larger 
memories. For example, one 16K xX 1 device can be used for each 
bit in a multi-bit memory. If eight 16K x 1 chips are used, a memory 


capable of storing 16K bytes is created. This would be designated as 
a16K x 8 memory. 
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Table II shows the various sizes of semiconductor memory chips commonly 
available and some of their more popular organizations. 


TABLE II 


NUMBER OF TYPICAL RAM CHIP TYPICAL ROM CHIP 
CONFIGURATIONS CONFIGURATIONS 























BITS PER CHIP 











256K x 1 
64K x 4 
32K x 8 










1M x 1 
256K x 4 


128K x 8 
64K x 16 
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Device Technology 





Another characteristic of IC memories to consider is the semiconductor 
technology used in making them. The two basic categories of device tech- 
nology are bipolar and MOS. 


Bipolar RAMs and ROMs are available in both TTL and ECL versions. 
Bipolar RAMs and ROMs are not widely used because of their limited 
storage capability, high cost, and high power consumption. However, 
.hey are used where high speed is needed. ECL RAMs have access times 


as low as 5 nanoseconds. TTL RAMs and ROMs have access times in the 
10 to 50 nanosecond range. 


Most semiconductor memories use MOSFET technology. The small size 
of a storage cell permits thousands of bits of data to be contained on 
a chip. MOS circuits also have lower power consumption than bipolar 


devices and cost less per bit than any other type. N-channel MOS de- 
vices are predominant. 


CMOS RAMs are also available. Their main benefit over other types 


is extremely low power consumption. CMOS RAMs are ideal for porta- 
ble, battery-operated digital equipment. 
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Self Test Review 

16. A memory is said to be ________ if it loses data when power 
is removed. 

17. The time it takes to address and read out a word in memory is 


18. 


19. 


20. 


21. 


called——— time. 


A 14-bit address can specify how many storage locations? 


A. 4K 
B. 8K 
C. 14K 
D. 16K 
The word size of a1K X 4 memory is____ bits. 
The total storage capacity of a4K x 8 ROMis____ bits. 


Most semiconductor memories are made with which kind of de- 
vices? 


A. bipolar 
B. MOS 
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Answers 





16. volatile 

17. access 

18. D — 16K or 16,384 
19. 4 

20. 32K 4K X8 = 32K 


21. B — MOS 
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READ/WRITE MEMORIES 





Read/write memories are most often referred to as random access 
memories or RAMs. In this Unit, we will use the designation RAM to refer 
to read/write memories. Since both read/write and read only memories 
have random access organizations and operation, it is unfortunate that 
the term RAM has been designated for read/write memories. Neverthe- 
less it is the standard reference and, therefore is used here. 


There are two basic types of semiconductor RAMs: static and dynamic. 
All semiconductor memories are made up of individual memory cells, 
each capable of storing a single bit of data. A variety of different types 

. of components and circuits are used to implement these memory cells. 
There are both static and dynamic cells. The main storage element in sta- 
tic RAMs is a flip-flop or latch. In a dynamic cell, the storage element is 
a capacitor. This is either the small distributed capacitance between the 
gate and the source of a MOSFET or a tiny separate integrated capacitor. 
The capacitance is several picofarads or less. But with the very high im- 
pedances of MOSFET circuitry, it is capable of holding a stored charge 
long enough to make it a reliable storage media. 


In a static RAM, the gate-to-source capacitances are used to control MOS- 
FETs that are connected as a latch. The latch or set/reset flip-flop can 
store a single bit of data. The latch is either set or reset by external signals. 





In a dynamic RAM, a capacitor is the main storage element. This small 
capacitor operates a MOSFET whose output state is sensed to determine 
whether a binary 0 or a binary 1 is stored. When the capacitance is 
charged, a binary 1 is stored. When the gate capacitance is discharged, 
a binary 0 is stored. Because of leakage resistance across the capacitance, 
the charge can leak off and result in lost data. To prevent this, dynamic 
memory cell capacitors must be periodically recharged, or refreshed, in 
order to retain their state. 


In this section, you will study typical static and dynamic semiconductor 
memory circuits. 
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Static Memories 





The basic static RAM storage cell is a flip-flop. A typical circuit is shown 
in Figure 9-5. The storage cell is made up of six enhancement mode MOS- 
FETs. The main storage circuit is a flip-flop consisting of cross-coupled 
inverters Q1 and Q3. Q2 and Q4 are MOSFETs connected as active load 
resistances. Note the source to gate capacitances of the inverters which 
store the basic charges that keep the flip-flop in either the set or reset 
state. 


The two basic states of this flip-flop are when Q1 is conducting and Q3 
is cut off and when Q3 is conducting and Q1 is cut off. The state of the 
MOSFETs is determined by the charge on the gate capacitances. If the 
gate capacitance of Q1 is charged to the supply voltage, Vpp, the conduc- 
tion threshold of Q1 will be exceeded and Q1 will conduct. Current will 
flow through Q1 and its load device Q2 to the supply voltage. The very 
low resistance of Q1 causes its drain at point A in the circuit to be very 
near ground. 
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DATA OUTPUT 


DATA IN 





Figure 9-5 
Typical static RAM storage cell. 
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Point A is also connected to the gate of Q3. Since the voltage at point A 
is below the conduction threshold of Q3, Q3 will be cut off. Its drain at 
point B will be approximately Vpp as seen through its conducting load 
device Q4. Since Q4 is conducting, it keeps the gate capacitance of Q1 
charged and, therefore, Q1 continues to conduct. This stable state of the 
latch causes one binary state to be stored. The opposite binary state is 
achieved when Q3 conducts and Q1 is cut off. 





Two common variations of the basic static storage cell are shown in Fig- 
ure 9-6. In Figure 9-6A, load MOSFETs Q2 and Q4 are depletion mode 
rather than enhancement mode devices. Faster circuit operation is 
achieved with depletion mode loads. In Figure 9-6B, resistors replace the 
MOSFET loads. These are tiny polysilicon resistors. Their high value re- 
duces power consumption and their small size helps increase bit density 
for a given chip size. All three cell types are widely used. 


*Vop 


<< DEPLETION MODE LOADS-——-—-> 


(A) 








<————— POLYSILICON RESISTORS ———> 


Figure 9-6 
Variations in static RAM cells. 
(A) Depletion mode load MOSFETs. 
(B) Polysilicon resistor loads. 
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There are three basic conditions that occur in a semiconductor memory. 
The first condition is where the storage cell is simply retaining the infor- 
mation for future use. Another condition is where a read operation is 
being performed. It is at this time that the data is being accessed or read 
out for use elsewhere. The other operation is where new information is 
to be written into the storage cell. We have already illustrated the storage 
condition. Now let’s take a look at typical read and write operations. 


READ 





Refer again to Figure 9-5. A read operation is initiated by applying a bi- 
nary 1 to the word or row select line. This is done by the address decoder. 
This causes MOSFET switches Q5 and Q6 to conduct, which connects 
the flip-flop outputs from Q1 and Q3 to the DATA and DATA output 
lines. 


Next, a binary 1 level is applied to the column or bit select control line. 

This too is done by the address decoder, which causes MOSFET switches 

Q7 and Q8 to be enabled. The flip-flop outputs are then passed through 
Q5 and Q6 as well as Q7 and Q8 to the inputs of a differential sense 

amplifier. The sense amplifier buffers the flip-flop output and generates 

a TTL compatible binary 0 or binary 1 output, depending upon the state- 
of the storage latch. 





The sense amplifier is usually buffered by a three-state control circuit. 
Recall that a three-state circuit can assume three different output condi- 
tions: binary 0, binary 1, and high impedance, or open. The chip select, 
or three-state control line in Figure 9-5 determines the state. If the chip 
select is binary 0, the data output will be either a binary 1 or a binary 
0. If the chip select is a binary 1, the output is a high impedance or 
open circuit. In this condition, the sense amplifier output is essentially 
isolated or disconnected from the data ọutput line. This permits the 
outputs of many static RAMs to be connected together or bussed. Most 
semiconductor memories are used in bus organized digital systems. 


The three basic controls on the RAM are the row select, column select, 
and chip select. The input address is decoded and used to enable the 
appropriate row and column select lines to locate the desired bit or 
word in the memory. The chip select line is used to enable the memory 
IC where the desired data is stored. Usually, many chips are intercon- 
nected to form a complete semiconductor memory. The chip select lines 
are also controlled by decoders which are driven by the most significant 
bits of the address word. 
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WRITE 





A write or store operation is initiated by applying the desired bit to the 
data input line. The data and its complement generated by the inverter 
are applied to write amplifiers. 


Next, the row and column select lines are enabled by the address decod- 
ers. This causes Q5 through Q8 to conduct. The complementary outputs 
of the write amplifiers are then applied to the drains of Q1 and Q3, 
thereby forcing the latch to set or reset as desired. For example, assume 
that the output of write amplifier 1 is low and the output of write 
amplifier 2 is high. This causes the output of Q1 to be forced low and, 
as a result, the gate capacitance on Q3 is discharged. Q3 is, therefore, cut 
off. As a result, the gate capacitance of Q1 is charged through Q4 thus 
keeping Q1 on. 


TTL RAMs 


While most static RAMs are made with MOSFETs, bipolar static RAMs 
are also available. In fact, the earliest form of static RAM was a TTL de- 
vice. MOSFETs are used in implementing RAMs because of their small 
size and low power consumption. This allows many data storage cells 
to be constructed on a single silicon chip. Bipolar devices take up much 
more space and consume a lot more power and, therefore, are less desira- 
ble for memories. However, the one thing going for bipolar memories is 
their very high speed. The read/write access time for bipolar memories 
are typically less than those of MOS memories. Therefore, in very high 
speed applications, bipolar memory devices are usually preferred. Both 
TTL and ECL RAMs are available. 
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Figure 9-7 shows the basic storage element of a TTL bipolar static RAM. 
[t consists of two cross-coupled inverter transistors with multiple emit- 
ters. This basic flip-flop circuit latches into one of two possible states. 
The multiple emitters are connected to form row and column select lines 
as well as sense lines which are used for reading the output of the flip- 
flop or writing data into it. 
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ROW SELECT Tr 


COLUMN SELECT | | 





WRITE 
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DATA OUT SATA OUT 


Figure 9-7 
TTL storage cell. 
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The normal storage state of the flip-flop exists when both the row and 
column select lines are both at binary 0. The flip-flop is then in one of 
its two stable states. For example, assume that Q1 is conducting and Q2 
is cut off. 





To read the state of the flip-flop, both the row and column select lines 
are brought high or binary 1. This causes the conducting transistor Q1 
to pass current through the low input impedance of the sense amplifier. 
The sense amplifier then generates the appropriate binary output state. 


To write data into the cell, the row and column select lines are again 
brought to the binary 1 level. The flip-flop is then either set or reset by 
applying a binary 0 or binary 1 to the data input. This causes the emitter 
of Q1 or Q2 to be brought to ground. If the emitter of Qi is grounded, a 
binary 1 is stored. The row and column select lines are then brought low. 
The latch then retains the state into which it is put. A RAM cell of this 
type has a typical access time of 20—50Ons. 








9-32 | UNIT NINE 


RAM Organization 





Typical semiconductor memory ICs contain hundreds and even 
thousands of individual memory cells. Typical static RAM ICs are avail- 
able for storing as many as 16K bits on a single chip. Other static RAMs 
are available in 256, 1K, 4K, and 8K bit configurations. 


One of the most popular static RAMs is a 4K (4096) bit device. It is a good 
example of the typical organization of the storage cells and related cir- 
cuitry in a static RAM IC. 


SINGLE ADORESSED CELL 


i HORIZONTALROWOF 64 ceus fo 
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CHIP ENA i 
READIWRITE . SENSE AND WRITE AMPS DATA OUT 


COLUMN DECODER 


Figure 9-8 
Typical organization of a4K x 1 static RAM IC. 


Refer to Figure 9-8. The 4096 memory cells are arranged in the form of 
a matrix with rows and columns. To store 4096 bits, the matrix has 64 
cows and 64 coiumns. Note that there are coth row and coiumn decoders. 
These decoders accept the input address bits. To address 4096 bits. a 12- 
bit address word is needed. The address word is divided in half. The six 
lower order address bits A0 — A5 are applied to the row decoder while 
the six most significant address bits A6 — A11 are applied to the column 
decoder. With six input bits, each decoder produces 64 output lines. The 
64 lines from the row and column decoders are used to enable one of the 
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storage cells in the matrix. Recall from the discussion of the static mem- 
ory cell that row and column decode inputs are used to enable the various 
switches in the memory cell. The addressing method used in a static 
memory IC is one of X — Y coordinate selection. One of the 64 row de- 
coder outputs will be high and one of the 64 column decoder outputs will 
be high for any given input address. These decoder outputs will then en- 
able one of the 4096 bits in the memory matrix. 





Once a particular memory cell has been addressed, it can then be read 
out or written into. The read and write operations are taken care of by ` 
the sense amplifiers and write amplifiers. Note in Figure 9-8 that the 
sense amplifiers and write amplifiers are associated with the columns of 
the matrix. There are two write amplifiers and one sense amplifier for 
each of the 64 columns in the memory. Refer back to Figure 9-5. All 64 
static cells in one column are connected to a single sense amplifier and 
one set of write amplifiers. However, because the row and column decod- 
ers only enable one cell in the column, only that cell will use the sense 
and write amplifiers. 


In addition to the individual data input and data output lines and the ad- 
dress lines on the RAM IC, there are two control inputs that specify the 
operation of the device. These are the read/write and the chip enable 
lines. 





The chip enable (CE) or chip select (CS) is similar in some respects to an 
address line. This input line effectively enables the chip so that it is capa- 
ble of performing either a read or a write operation. When the chip enable 
line is high, the IC is not selected. Even though there may be address in- 
puts, they are effectively ignored and the chip performs no operation 
other than retaining data previously stored there. With the chip enable 
high, the data input line is electrically disconnected from the input cir- 
cuitry to the storage cells. The data output which is derived from a three- 
state device is placed into its high impedance state. The output pin sim- 
ply appears to be an open circuit. The chip is effectively disabled at this 
time. 


When a chip enable input is brought to a binary 0, the chip is selected. 
Data input signals are recognized and the data output buffer is enabled 
so that the selected memory cell state is presented at the output. 
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The read/write input, also called write enable, specifies the operation the 
chip is to perform. With the R/W line high, the IC performs a read opera- 
tion. The bit stored in the cell selected by the input address is presented 
at the data output pin. A write operation is performed when the R/W line 
is low. A bit to be stored is applied to the data input pin. That pin is stored 
in the cell selected by the address lines. Incidentally, this basic matrix 
organization is valid for dynamic as well as static RAMs. 


Figure 9-9 shows the timing waveforms for both the read and write opera- 
tions of a typical 4K static RAM. 


R/W 
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Figure 9-9 
Static RAM timing (A) read (B) write. 
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Refer to Figure 9-9A. To perform a read operation, the R/W line is made 
high. The desired address is then applied to the chip. In addition, the 
chip enable (CE) line must be brought low before data appears at the out- 
put pin. The timing diagram shows the chip enable as a pulse that goes 
low a short duration after the address lines change. When the chip enable 
goes low, data will appear at the output for a short time thereafter. This 
time is designated as tco in the diagram. The timing relationship between 
the input address and the chip enable is not critical. Therefore, it is possi- 
ble to simply tie the chip enable input low to permanently enable the 
chip. The device can then be operated with the address inputs and the 
CE line. By keeping the R/W line high, the input addresses may be 
changed in any order to access data at random. With the chip enable low 
and the RW line high, the data appears at the output a time duration ta 
after the input address lines change. This is the access time. Typical ac- 
cess times for a MOS static RAM device of this kind is 50 to 300 
nanoseconds. 





To perform a write operation, the desired address is applied to the chip. 
The chip enable is also brought low and input data is then applied. The 
R/W line is then brought low and the data is stored. This timing sequence 
is illustrated in Figure 9-9B. If it is necessary to provide a continuous 
series of write operations, the chip enable line can be held low while the 
addresses are changed. However, the R/W input must be timed in such 
a way that it occurs after the input address change has occurred. A mini- 
mum write to address time set-up, taw, must be observed for proper oper- 
ation. This means that the R/W line must not go low for a period of ap- 
proximately 20 nanoseconds or more after the input address lines settle 
into the desired state. 
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Alternate Architectures 





The static RAM we have been discussing is organized as a 4K x 1 storage 
device. This means that there are 4096 individual locations for storing 
a single bit word. However, there are other organizations that are also 
useful. Another common way of organizing a 4K memory is into 1024 
four bit words. This 1K x 4 organization still uses the 64 row x 64 col- 
umn matrix. To address 1K words, a 10-bit address word is used. The six 
most significant address bits are applied to the row decoder which in 
turn selects one of the 64 internal matrix rows 0 — 63. The four most sig- 
nificant address bits are applied to the column decoder. While there are 
64 columns in the matrix 0 — 63, these will not be enabled individually. 
Instead, four columns will be enabled simultaneously. 


R/W Memories 


The four inputs to the column decoder are translated by the decoder into 
sixteen output lines which enable sixteen groups of four columns each 
in the 64 x 64 matrix. See Figure 9-10. 
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Figure 9-10 
Storage cell matrix organization in a 1K x 4 static 
RAM. 
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Figure 9-11 - 
The popular 1K x 4 static RAM. 














Figure 9-11 shows a general block diagram of the 2114, a typical 1K x 

4 static RAM. In addition to the 10 input address lines AO — AQ, there 
are chip select (CS) and write enable (WE) input control lines. A common 
set of data input/output (I/O) lines are also provided. When a read opera- 
tion is being performed, the data stored in the memory is presented on 
the I/O lines. To store a 4-bit word in memory, that word is applied to 
the four I/O lines. The WE control determines whether these lines are to 
be used for input or output operations. Aside from this difference and 
the basic internal organization, the 1K x 4 device performs in exactly 
the same way as the 4K x 1 device discussed earlier. 


The 2114 1K x 4 static RAM is housed in an 18-pin DIP. Note the logic 
symbol used to represent it. You will use a 2114 RAM in Experiment 23. 
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Typical Memory Configurations 





A single RAM chip is rarely, if ever, sufficient in itself to provide all the 
memory required by a given application. For that reason, many memory 
chips are interconnected to form complete memory circuits. A couple of 
examples using the 4K x 1 and1K x 4 memory chips discussed earlier 
will illustrate this concept. 


Refer to Figure 9-12. Here sixteen 4K x 1 ICs are interconnected to form 
a 16K xX 4 memory system. The 4K xX 1 chips are interconnected into 
four groups of four similar circuits. Each four bit group is capable of stor- 
ing 4096 four bit words. 
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Figure 9-12 
A 16K x 4memory made up of 4K x 1 chips. 
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To address 16K words, a 14-bit address is needed. The twelve least 
significant bits of the address are applied to all of the 4K memory chips 
simultaneously. The remaining two most significant bits are applied 
to a 2 to 4 line decoder. The four decoder outputs are applied to the 
chip select (CS) inputs of each of the four groups. Note that the data 
input (Dj) and data output (D,) lines are connected together. The data 
output lines are three-state in nature and only one of the four chips 
interconnected in this way is enabled at a time. All of the read/write 
lines on each chip are interconnected. To simplify the circuit, however, 
the R/W lines are not shown. 





To illustrate how the circuit works, assume that we apply the address 
word 01000000000000. The 12 least significant bits are all zeros and are 
applied to all sixteen memory chips. This means that storage cell 0 in 
each chip is enabled. The two most significant bits are 01. This causes 
the 01 output line of the decoder to be enabled. This line goes low, en- 
abling chips 5 through 8 in the circuit. Chips 1 through 4 and 9 through 
16 are disabled at this time. If a read operation is to be performed, the 
data output lines of chips 5 through 8 will assume the states of the zero 
cells in each of those chips. 
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Figure 9-13 
A 4K x 8 memory made with 1K x 4 chips. 
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Figure 9-13 shows how (1K x 4) 2114 RAM ICs are interconnected to 
form a 4K x 8 memory. To address 4K of memory requires a 12-bit ad- 
dress. The 10 least significant bits of address are applied to all eight mem- 
ory chips simultaneously. The two most significant bits are applied to 
a 2 to 4 line decoder. The decoder outputs are used to select one of four 
groups of 1K words of memory. This is done by tying the decoder inputs 
to the appropriate chip select (CS) inputs. ICs 1 and 2 contain the first 
1K bytes of memory, four bits in each chip. Chips 3 and 4 contain the sec- 
ond 1K bytes while chips 5 and 6, and 7 and 8 contain the third and fourth 
1K bytes of data. The three-state outputs are connected together to form 
two four bit groups of outputs. Remember that the data in and data out 
pins on 2114 ICs are common. The read/write lines are not shown, but 
are all interconnected. 





To show how the circuit works, assume that the input address is 
110000000000. The ten least significant bits are all zeros, so the first four 
cells in each memory chip are selected. The two most significant bits 11, 
causes the 11 line of the decoder to go low. This enables chips 7 and 8. 
All other decoder outputs are high at this time, therefore, chips 1 through 
6 are disabled. 
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Self Test Review 
22. The two types of read/write memories are ——— and 
23. Aread/write memory is calleda 
24. The main storage element in a static RAM is a 
25. InFigure9-5, the storage latch loads are 
26. Faster storage cell operation is obtained by using 
loads. 
27. To address a storage cell the _____ and _________ select 
inputs must be enabled. 

28. TTL static RAMs are slower than MOS RAMs. 

A. True 

B. False 
29. A typical static RAM chip has a maximum storage capacity of 

bits. 

30. RAM storage cells are arranged in the form of a ———— with multi- 


ple ————and 
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31. Ina4K x 1RAM, only one of the 4096 bits is addressed at a time. 





A. True 
B. False 


32. ARAMchipis selected if the chip enable line is: 


A. Binary0O 
B. Binary 1 


33. The2114RAM has the following organization: 


A. 1KxX1 
B. 4Kx1 
C. iKx4 
D. 4K x4 


34. All of the bits in a column share the same sense and write 
amplifiers. 


A. True 
B. False 
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Answers 





22. static, dynamic 


23. RAM 
24. flip-flop 
25. MOSFETs 


26. depletion mode 

27. column,row 

28. B—False. Bipolars are faster than MOSFETs. 
29. 16K 

30. matrix, rows, columns 


31. A—vTrue 





32. A—BinaryO 
33. C—1Kx4 


34. A—True 
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DYNAMIC MEMORIES 





The most widely used form of semiconductor memory is the dynamic 
type. While static memories are easy to understand and apply, they 
do have disadvantages for some applications. Compared to dynamic 
memories, static memories cost more per bit of storage. In addition, 
static memories consume More power. 


The primary reason for the high cost per bit of a static memory is the- 
relatively large amount of area required to make a static cell on a silicon 
chip. Most static storage cells consist of from 4 to 8 MOS transistors 
per bit. As you might suspect, this takes up a considerable amount 
of area dispite the small size of the typical MOSFET device. Because 
of the large number of devices required to make a cell for a given size 
silicon chip, the number of total bits of storage is limited. IC cost is 
directly related to chip area. Static memory circuits also have relatively 
high power consumption. When a large volume of storage is required, 
static memory devices are less desirable because of the need for high 
current power supplies and expensive cooling systems. 


Dynamic semiconductor memories overcome these disadvantages. The 
typical dynamic memory storage cell is simpler and occupies consider- 
ably less chip area. Approximately four times as many dynamic cells 
than static cells can be made on a silicon chip of a given size. Dynamic 
memory cells also have lower power consumption than static cells. The 
resulting lower cost per bit and lower power consumption make dynamic 
memories extremely popular in digital designs. In fact, they are almost 
universally used in all modern digital computers from the smallest 
microcomputer to the largest, most expensive mainframe computer. 





But while the dynamic memory is more widely used than static devices, 
they are not without their problems. Dynamic semiconductor memories 
are far more complex in their operation and application. They require 
special support circuitry and often have critical timing requirements. Dy- 
namic memories are also slower than static memories. The higher access 
times make dynamic cells less desirable than static cells for some appli- 
cations. Nevertheless, the semiconductor manufacturers have made 
these disadvantages easy to deal with. 
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DYNAMIC CELLS 





The basic storage element in a dynamic memory cell is a capacitor. The 
capacitor can be either a tiny discrete integrated capacitance or the gate 
to channel capacitance of a MOSFET. When the capacitor is charged, it 
is storing a binary 1. When the capacitor is discharged, it is storing a bi- 
nary 0. 


The capacitance of a dynamic cell is typically in the very low picofarad 
range. The actual capacitance value varies considerably with the dielec- 
tric used in making the capacitor and the physical dimensions of its 
plates. The characteristics of the MOSFET also affect the capacitance. 
But, despite their small size, these tiny integrated capacitors are capable 
of storing a charge long enough to make them practical as a storage ele- 
ment. However, shunt leakage resistance does cause the charge to leak 
off after a short period of time. Because of the small capacitance and the 
leakage resistance, it is necessary to periodically restore the charge on the 
capacitor to prevent the loss of data. This process of recharging the stor- 
age cell is called refresh. A refresh operation is performed each time a 
dynamic memory cell is read. In addition, the memory cell is refreshed 
at a regular periodic rate, determined by a clock circuit, as long as power 
is applied to the memory. Most dynamic memories are refreshed approx- 
imately every 2 milliseconds to avoid the loss of data. The necessity for 
the refresh operation is one of the disadvantages of a dynamic cell over 
a static cell. The refresh circuitry and timing operations are critical to the 
proper operation of a dynamic memory. Should the refresh operation not 
be performed, data will be lost. Of course, dynamic semiconductor mem- 
ory cells are also volatile as data will be lost if power is removed. 





THREE TRANSISTOR CELL 


Now let’s take a look at the details of some typical dynamic memory cells. 
One of the earliest dynamic storage cells is shown in Figure 9-15. This 
basic cell uses three MOSFETs. The basic storage element is the gate 
capacitance of Q2. Q1 and Q3 are MOSFET switches that are used to con- 
trol read and write operations. 


To perform a write operation, the bit to be stored is applied to the data 
input line. The write enable line is then triggered. This causes Q1 to con- 
duct, and the bit to be stored is applied to the gate of Q2. Depending upon 
whether the input is a binary 1 or a binary 0, the gate capacitance of Q2 
is either charged or discharged. 
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Three transistor dynamic storage cell. 


To perform a read operation, the read bus capacitance is precharged. The 
read bus is a common line to which many memory cells are connected. 
This bus has an inherent distributed or parasitic capacitance. Circuitry 
within the chip is used to charge the bus capacitance. 


An address decoder circuit then enables the read select line and causes 
Q3 to conduct. With Q3 conducting, Q2 is connected to the read bus. If 
a binary 1 happens to be stored in the storage cell, the gate capacitance 
of Q2 will be charged. As a result, Q2 will conduct and act as a low, which 
causes the read bus capacitance to discharge. This reduces the voltage 
on the read bus by a predetermined amount. The voltage level on the read 
bus is sensed by a sense amplifier which switches and generates the ap- 
propriate binary level at the data output. If a binary 0 is stored in the cell, 
the gate capacitance of Q2 will be discharged and Q2 will not conduct. 
Its high impedance will not affect the read bus capacitance, so the charge 
on the read bus capacitance will remain high. The output sense amplifier 


detects the higher level and generates the output voltage level for a binary 
0. 





9-48 | UNIT NINE 


Now let’s consider the refresh process. Typically the MOSFET gate 
capacitance and its associated leakage resistance is such that a charge can 
be retained for several milliseconds. However, if that charge is not re- 
freshed, the data will be lost. To restore the data, a refresh operation is 
performed by reading the contents of the cell and then writing it back in. 





The refresh operation of the cell in Figure 9-15 is initiated by first charg- 
ing the read bus capacitance. The read select line is then enabled by the 
address decoder, which causes Q3 to conduct and connects Q2 to the 
read bus. As indicated earlier in the description of the read operation, 
Q2 will either conduct or not conduct depending upon whether its gate 
capacitance is charged or discharged. The voltage on the read bus is de- 
tected by the output sense amplifier and the appropriate output bit is gen- 
erated. Note in Figure 9-15 that the read bus voltage is also sensed by the 
refresh amplifier. Like the output sense amplifier, the refresh amplifie: 
detects the voltage on the read bus and generates an appropriate output 
bit. Note that the output of the refresh amplifier is applied back to the 
data input line. 


The refresh cycle is complete when the write enable line is enabled. This 
causes Q1 to conduct and apply the output of the refresh amplifier to the 
gate of Q2, either charging or discharging its gate capacitance. This re- 
fresh process takes place approximately every 2 milliseconds in most dy- 
namic memories. Keep in mind that a refresh operation also generally 
takes place during a read operation. 





ONE TRANSISTOR CELL 


The basic three transistor dynamic cell shown in Figure 9-15 was most 
widely found in the popular 1103 dynamic 1K x 1 memory chip. This 
device, introduced in the early 1970’s, was one of the earliest and most 
versatile dynamic chips. Since that time, developments in dynamic cell 
circuitry and semiconductor technology now permit many more bits of 
data to be stored on a single chip. Today, 4K, 16K, and even 64K bit dy- 
namic chips are available. Such very high density memories are the re- 
sult of an ultra simple dynamic memory cell consisting of a single 
capacitor and a single MOSFET switch. 


A typical single transistor dynamic storage cell and its associated sup- 
port circuitry is shown in Figure 9-16. The main storage element is 
a tiny integrated capacitor CS1 or CS2. A single MOSFET switch (Q1 
or Q2) connects the capacitor to the bit sense line for both read and 
write operations. Note that there are two bit sense lines, one on each 
side of the sense amplifier/write latch (Q6 and Q7) lines. each with 
many storage capacitors and switches connected to them. For exampie, 
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ina4K x 1 dynamic RAM, there would be 64 x 64 storage cell matrix. 
In Figure 9-16, 32 storage cells would appear on each side of the sense 
amplifier/write latch. This would represent one 64-bit column. The in- 
dividual cells are enabled by row-select lines from the row decoders. 
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Figure 9-16 
Typical single transistor dynamic storage cell and 
support circuitry. 
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To write data into a cell, the address is applied to the chip. The row and column 
decoders enable the desired cell. Assume Q1 and QS are turned on in Figure 9-16. 
Assume that a binary Q is to be stored and is applied to the data input. The output of 
the non-inverting write buffer is a binary 0. This is passed through QS to the right 
bit sense line. This grounds the drain of Q7 and the gate of Q6. Q6 is cut off and Q7 
is biased on. The sense amplifier/write latch locks-up in that state. The left bit sense 
line is high or binary 1, so storage capacitor CS1 is charged through Q1 and the data 
is stored. Note that the input binary 0 is stored as a binary 1. 





Now assume that we had stored the binary 0 in storage cell CS2 rather than CS1. 
The input would still cause the sense amplifier/write latch to lock up in the same 
state as before. The right bit sense line would be low and cell CS2 would be dis- 
charged when Q2 conducts. As you can see, data is stored in its normal state in 
those cells on the right bit sense line and in the complement state on the left bit 
sense line. The reason for this, of course, is the complementary outputs of the sense 
amplifier/write latch. It doesn’t really matter how the data is stored as it will come 
out correctly when it is read. 


A read operation is performed as follows. Refer again to Figure 9-16. When the 
RAM chip is not selected, CE is high, and causes Q3 and Q4 to conduct. The bit 
sense line capacitances C,_ are charged to some value of voltage between +VDD 
(usually 12 volts) and ground. This would seem to force the sense amplifier/write 
latch into an ambiguous state, but it doesn’t because load transistors Q8 and Q9 are 
cut off by the low R (Read) signal applied to their gates. 





When the chip is selected, due to CE going low, Q3 and Q4 are cut off and open. 
Next, the address is applied, turning on the MOSFET associated with the desired 
cell (represented by either Q1 or Q2 in Figure 9-16). Q5 also conducts. Next, the R 
(Read) signal is applied to Q8 and Q9. This enables the latch, which essentially 
compares the right and left bit sense lines. If storage cell CS2 was chosen, Q2 
would be conducting. The binary 0 previously stored there means that CS2 is dis- 
charged. With Q2 on, CS2 and the bit sense capacitance C,_are connected in paral- 
lel. C,, discharges while CS2 charges. This causes the right bit sense line to go low 
and makes the left bit sense line high. Therefore, the sense amplifier/write latch 
locks up with Q6 off and Q7 on. With Q7 on, the right bit sense line is low. This is 
passed through Q5 to the inverting output buffer. The data output is a binary 1. A 
binary O was stored in CS2 as a binary 0 but is read out as a binary 1. The output of 
a dynamic RAM is usually the complement of the bit stored. 
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If we had tried to read cell CS1, Q1 would conduct. We stored a binary 
0 there previously. The binary 0 input was retained in CS1 as a binary 
1.CS1 was charged. During the read operation, Q1 conducts, connecting 
CS1 in parallel with C,,. The voltage on CS1 is greater than that on Cp, 
of the left bit sense line. Therefore, C,,, charges while CS1 discharges. The 
voltage on the left bit sense line is higher than that on the right bit sense 
line. This causes the latch to switch so that Q6 is cut off and Q7 conducts. 
This is exactly the same condition as when the original binary 0 was 
stored in CS2. The right bit sense line is low, making the data output a 
binary 1. As you can see, a bit can be stored as a binary 0 or binary 1 de- 
pending on which side of the sense amplifier/write latch the desired cell 
is located. But, when a read operation is performed, the correct state is 
returned. It just so happens that the correct state is the complement of 
the originally stored bit. 





A refresh operation is performed each time a cell is read. Reading a cell 
is destructive as the state of the storage cell capacitor is transferred to the 
bit sense line capacitance. But as soon as the sense amplifier/latch 
changes state and stores the bit, its output has the correct state. The stor- 
age cell capacitor then charges or discharges to this state, refreshing the 
data. 


A refresh operation is performed every 2 milliseconds to ensure that no 
data is lost. This is done by simply initiating a read cycle. 
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Dynamic RAM Organization 





Almost all dynamic RAMs are organized as multiple one bit storge loca tions. Typi- 
cal dynamic RAM organizations are 16K x 1, 64K x 1, 256K x 1, 512K x 1, and 
1M x 1. These RAMs are usually housed in a standard dual inline or surface mount 
IC package. Multiple ICs are then interconnected to form multi-bit memories ca- 
pable of storing thousands of 8-, 16-, or 32-bit words. 


Internally, the dynamic memory cells are organized into a row and column matrix 
like that described earlier in the section on static memories. However, because of 
the higher density of dynamic memories, there are variations in the row and col- 
umn matrix arrangement. A number of different methods of partitioning the memory 
cells are used to simplify the design and minimize circuitry. This is particularly true 
in the higher density dynamic RAM chips. 
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Figure 9-17 
Block diagram of the 4116 16K x 1 dynamic RAM. 


Now let’s take a look at a typical dynamic RAM IC. Figure 9-17 shows 
a simplified block diagram of the 4116 16K dynamic RAM. The 4116 is 
the most popular and most widely used 16K RAM. It is about as close 


to an industry standard as there is. It uses the common 16K x 1 organiza- 
tion. The standard package is a 16-pin DIP. 
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The dynamic storage cells are arranged in a modified 128 x 128 matrix (128 x 128 
= 16,384 = 16K). This matrix is split into two groups of 64 rows by 128 columns. 
This particular arrangement is used because it gives a simplified physical chip lay- 
out. Tiny high speed digital circuits are subject to noise and cross talk. Therefore, 
physical layout is extremely important in the design to minimize such difficulties. 





Both row and column decoders are used to address one of the 16,384 bits. The row 
decoders are divided into two groups and the column decoders are divided into two 
groups. Note that there are 128 sense and refresh (write) amplifiers, one for each 
column. 


It takes 14 bits to address 16,384 bits (2'* = 16,384). However, note that the 4116 
RAM has only 7 input address bits (AQO-A6). In order to reduce the number of pins 
on the IC package, only half the required address bits are used. The 14-bit address 
is applied to the internal memory matrix in 7-bit groups. The 7 lower order bits are 
first applied to the address lines and are stored in the row address buffers. The 
control signal RAS, which means row address strobe, stores the 7 least significant 
bits in the row address buffers when it switches from high to low. The 7 higher 
order bits are then applied to the IC pins. These are then stored in the 7-column 
address buffers when the column address strobe (CAS) line switches from high to 
low. The outputs of the row and column buffers, or latches, drive the row and col- 
umn decoders which then select one of the 16,384 bits. 








The only other control line on the IC is a read/write (R/W) line. When the R/W line 
is high, a read operation is performed. When the R/W line is low, a write operation 
is performed. Separate single bit data input and data output lines are provided. The 
output is derived from a three-state buffer so these ICs may be used in bus orga- 
nized systems. 





9-54 | UNIT NINE | 


READ OPERATION 





Figure 9-18 shows the timing diagram for a read operation on the 4116 
RAM chip. The 7 lower order bits of the address are applied to pins 
AO through A6. These are strobed into the row address latches by the 
external signal RAS. Next, the 7 higher order bits of the address are 
applied to pins AO through A6. These are strobed into the column 
address latches by signal CAS. The R/W line can go high after CAS 
to enable the read function. This takes the output buffer out of its high 
impedance state so that a binary 1 or binary 0 is read out; depending 
upon the bit stored in the address locations. The selected memory loca- 
tion will present data to the output pin approximately 100 nanoseconds 
after CAS goes low. Both RAS and CAS can go high as soon as the 
data is valid. In this case, the data will remain at the output for a 
period of approximately 40 nanoseconds after RAS and CAS go high. 
The RAS and CAS signals can be kept low for an extended period 
of time so that data will be available at the output longer. However, 
this extended period of time may not be more than approximately 10 
microseconds. Otherwise, the memory will not be refreshed and data 
will be lost. 














DATA OUT DATA VALID 


Figure 9-18 
Read cycle of 4116 dynamic RAM. 
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Figure 9-19 
Write cycle of 4116 dynamic RAM. 


WRITE OPERATION 


Refer to Figure 9-19. As in the read operation, the desired memory cell 
is first addressed by applying the 7 lower order bits and strobing them 
into latches with RAS. The higher order bits are strobed into the column 
latches by CAS. The bit to be stored is applied to the data input. As soon 
as the address has been strobed, the R/W input line can be brought low, 
thereby storing the input bit in the addressed location. During the write 
operation, the data output line is in its high impedance state. 





REFRESH 


In order for data to be retained in the memory, a refresh operation 
must be performed every 2 milliseconds or less. In most dynamic RAMs 
this is done on a row by row basis. In the 4116, the row address latches 
are sequentially loaded with the 7-bit address for each row in the mem- 
ory. This is usually done by connecting a 7-bit binary counter to the 
RAM address input pins. The counter is incremented and each address 
is strobed into the row address latches by the RAS input signal. Each 
time RAS goes from high to low, all 128 bits in the address row are 
read out and rewritten. Since each row must be refreshed every 2 mil- 
liseconds, and since there are 128 rows, then the time interval between 
sequential row refreshes is 2ms/128 = 15.625 microseconds. This re- 
fresh operation goes on continuously as long as power is applied to 
the dynamic RAM chip. 
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The refresh operation and related control functions are generally per- 
formed by a special integrated circuit known asa dynamic RAM control- 
ler. A general block diagram of such a device is shown in Figure 9-20. 
The main function of this chip is to perform various multiplexing opera- 
tions. One multiplexing operation performed by this chip is that of sup- 
plying first the lower order address bits and next the upper order of ad- 
dress bits to the RAM chip. Usually, all 14 address bits are available in 
parallel simultaneously. A multiplexer circuit is required to feed the two 
halves to the RAM chip one after the other. 
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Figure 9-20 
Dynamic RAM refresh controller. 
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Another multiplexing operation performed by this chip is the multi- 
plexing of the 7 lower order address bits and the 7 input bits from 
the refresh counter. The 7-bit refresh counter is contained within this 
chip. The output of the multiplexer circuit is applied to the 7 address 
pins on the RAM chip. 





The dynamic RAM controller chip also provides RAS, CAS, WE control 
signals for the RAM. These are produced by the timing generator in 
Figure 9-20. The refresh timer is used to monitor the elapsed time since 
the last refresh cycle occurred. When a specific amount of time 
elapses,the refresh timer will request a refresh cycle. An external refresh 
request input is provided so that refresh cycles may be initiated from 
another source. If this input is not used, the refresh timer provides 
the necessary time information to ensure that the refresh operation takes 
place on time to avoid the loss of data. 


An internal oscillator provides the basic timing signal for stepping the 
refresh counter and operating the other timing circuits in the controller 
chip. An external clock input signal is provided so that a separate sys- 
tem clock may be used to initiate refresh and other control operations. 


The arbiter circuit is designed to resolve conflicts between refresh and 
memory requests. When read and write operations are not requested, 
the arbiter simply senses the inputs from the refresh timer and initiates 
the appropriate refresh cycles. If a read or write operation is requested, 
the arbiter gives the read or write request priority over the internal 
refresh request. Keep in mind that when a read operation is initiated, 
a refresh is generated automatically. 
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64K and Larger RAMs 





The organization and operation of a typical 64K bit RAM is virtually identical to 
that of the 16K RAM. Most 64K RAMs are organized as 64K or 65,536 locations 
for one-bit words. 16 bits are required to address 64K locations. Eight address lines 
are provided on the 64K RAM chip. The two 8-bit portions of the address are mul- 
tiplexed on these lines as they are in the 16K device. All other operations, read, 
write, and refresh are similar to the 16K device. Typical access times are 60 to 200 
nanoseconds. 


While the 64K dynamic RAM is very popular and widely used; 256K, 512K, and 
1M RAMs are also available. These RAM chips with their enormous storage ca- 
pacity may not be too practical for some applications. However, they do find use in 
16- and 32-bit microcomputers, minicomputers, and mainframe computers. Of 
course, the semiconductor manufacturers will continue to improve the technology 
and make even higher density RAMs available in the future. 





Self Test Review 


35. Foragiven chip size, more bits can be stored ina: 


A. StaticRAM. 
B. DynamicRAM. 


36. Which RAM is faster? 


A. Static. 
B. Dynamic. 


37. Which RAM has lowest power consumption? 


A. Static, 
B. Dynamic. 
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38. The popular 4116 RAM has which organization? 





A. 4K x 1. 
B. 4K ~x 4. 
C. 16K x 1. 
D. 16K x 4. 


39. Thebasic storage element inadynamicRAM isa 
40. Whenacellis read inadynamic RAM, the data is destroyed. 


A. True 
B. False 


41. The storage element in a three transistor dynamic cell is the MOS- 
FET 


42. Thesense/write amplifier in a one transistor dynamic cell memory 
isa 


43. The process of restoring data after a read operation and periodi- 
cally to retain data is called 





44. In 16K and larger RAMs, the ________ input lines are multi- 
plexed. 
45. The largest available dynamicRAM can store _—_____ bits. 


46. The IC used to handle all multiplexing operations for a dynamic 
RAM is calleda 
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Answers 





35. B — Dynamic RAM 

36. A — Static 

37. B — Dynamic 

38. C— 16K x 1 

39. capacitor 

40. A — True. This is called destructive read out. 
41. gate capacitance 

42. latch 

43. refresh 


44. address 





45. 256K 


46. refresh controller 





Semiconductor Memories | 9-61 


PROGRAMMABLE READ-ONLY MEMORIES 





Read only memories, like random access read/write memories, have 
undergone considerable evolutionary changes in a short period of time. 
Innovations in both bipolar and MOS technology have resulted not 
only in larger storage capacity ROMs, but also in the development of 
a special category of ROM known as the programmable read only mem- 
ory (PROM). The increased storage capacity and the ability of the user 
to program the PROM in the field have made ROMs much more useful 
and acceptable in computer and other digital applications. 


_ROM operation and application was discussed in detail in Unit 8. These 
were masked ROMs that are programmed by the manufacturer. In this 
section, we discuss programmable read only memories. PROMs are user 
programmable in the field. 
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Figure 9-21 


Hierarchy of read-only memories. 








Figure 9-21 shows the hierarchy of semiconductor ROMs. Note that the 
two basic categories of ROMs are bipolar and MOS. As you can see, there 
are two basic types of bipolar ROMs, masked and programmable. 
Further, Figure 9-21 shows that there are two basic types of fused bipolar 
PROMs that can be programmed externally after the device has been 
manufactured. 


Now consider the MOS ROMs in Figure 9-21. Again there are masked 
MOS ROMs. Then there are two categories of PROMs, the light-erasable 
PROM and the electrically-erasable PROM. These devices can be erased 
by an external electrical signal or ultraviolet light. 


In this section, we will discuss both bipolar and MOS PROMS. In all 
cases, the main characteristic of these devices is that they can be written 
into after they are manufactured. In some cases, once the data has been 
written into it, it is permanent and cannot be changed. In other cases, the 
PROM can be erased and reprogrammed. 





Semiconductor Memories | 9-63 


Bipolar PROMs 





Recall from your study of ROMs in Unit 8, that a ROM, or any semicon- 
ductor memory for that matter, is basically a matrix of semiconductor de- 
vices. The matrix is made up of rows and columns of semiconductor de- 
vices. The row and column address decoders operate the various mem- 
ory cells. At the junction of each row and column is a semiconductor de- 
vice, which can be a diode, a bipolar transistor, or a MOSFET. This de- 
vice can be programmed so that it either conducts or is cut off. In that 
way, either a binary 0 or binary 1 is programmed at each row/column 
juncture. In masked ROMs, the programming takes place by applying or 
not applying a metalized layer to the device to either cause it to conduct 
or to be cut off. In a programmable bipolar PROM, the device is usually 
programmed with a fuse. 
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Figure 9-22 
Typical fuse programmed bipolar ROM circuit. 





Figure 9-22 shows the basic row and column arrangement of the typical 
ROM. Where each row and column intersect, a bipolar transistor is con- 
nected. Note that a fuse is connected in series between the emitter of the 
transistor and column connection. When the fuse is closed, that transis- 
tor is connected, causing it to conduct, which programs a binary 1 in that 
location. If the fuse is blown or open, the transistor does not conduct. 
Therefore, a binary 0 is programmed. 


When the ROM is manufactured, all of the fuses are good and, therefore, 
all transistors conduct. In other words, the bipolar PROM comes from the 
manufacturer with all binary 1’s. To program the device, external cir- 
cuitry is used to “blow” the fuses in the desired location to program bi- 
nary 0’s. The PROM is usually programmed by applying a short duration, 
high current pulse to the desired bit. This blows or opens the fuse and 
programs the binary 0. 


The circuit in Figure 9-22 operates as follows. To select the bit shown, 
the inputs to both row and column decoders are binary 1’s. Gates 1 and 
2 have binary 1 outputs as a result, which enables gate 3. If the fuse is 
good (closed), gate 1 causes Q1 to conduct. Q1 acts as an emitter follower 
and applies a binary 1 to gate 3, and the data output is a binary 1. 





If the fuse is open, Qi will not conduct. Resistor R will keep the input 
to gate 3 at ground or binary 0, and the data output will be binary 0. 
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NICHROME FUSE 





The first bipolar PROM fuses were made of nichrome (an alloy of nickel 
and chrome), deposited as a very thin film link between the emitter and 
the column lines of the PROM. 


Nichrome was chosen for the fuse material primarily because it was easy 
to blow with reasonably low currents. However, it has now been aban- 
doned because it is difficult to work with in manufacturing integrated 
circuits, and exhibits the phenomenon referred to as “growback”. Once 
a nichrome fuse is blown, it does present an open circuit, but the way 
in which it is blown does not make it totally reliable. After some time, 
the two nichrome pieces tend to grow back together, thus bridging the 
open circuit and creating a resistive path. This in effect causes the previ- 
ously programmed binary 0 to eventually become binary 1 again. While 
improvements have been made in the nichrome fuse process, for the most 
part, nichrome is no longer used in modern PROMs. 


SILICON FUSE 


Another type of fuse used in bipolar PROMs is the silicon fuse. A thin 
strip of the fuse material (polycrystalline silicon) is deposited on the 
oxide in the manufacturing process. Its thickness and cross-sectional 
area is made so that it can be blown with a current of approximately 20 
to 30 mA, and there is no “growback” problem with silicon fuses. 





TYPICAL BIPOLAR ROMs 


Typical bipolar ROMs come in a variety of configurations. Both TTL and 
ECL PROMS are available, but the TTL devices are the most popular. Typ- 
ical memory sizes range from 256 bits to 16K bits. Most ROMs are or- 
ganized as multiple storage locations for 8-bit bytes. The smallest bipolar 
ROM is a 32 x 8, 256 bit PROM. The largest bipolar PROM contains 16K 
bits, and is organized in 2K x 8 configuration. Larger ROM storage 
capacities can only be obtained with MOS circuitry. 


The primary benefit of bipolar PROMs are their high speed. Typical 
TTL PROM access times are in the 50-to-80 nanosecond range. ECL 
PROMs are also available with access times of less than 20 
nanoseconds. 
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MOS PROMs 





MOS PROMs are typically made so that they can be erased and repro- 
grammed. Known as erasable programmable memories (EPROMs), these 
devices can be erased by light or an electrical signal. 


LIGHT EPROM 


The most popular and widely used PROM is a MOS device that can be 
erased by exposing it to ultraviolet light. The EPROM (erasable pro- 
grammable read only memory) offers the high density of MOS technology 
with the convenience of erasing and reprogramming. 


Like most semiconductor memories, the EPROM is organized as a matrix 

of rows and columns with a MOSFET at each row/column junction. The 

MOSFET is programmed so that it conducts or is cut off to program bi- 

nary 1’s and 0’s. The unique feature of such a PROM is the special ar- 

chitecture of the MOSFET. This device features a special “floating” gate 

(the gate has no external lead, and is not connected to any external cir- 

cuitry). This special MOSFET is programmed by charging the gate. If the 

gate is charged, the MOSFET will conduct; if the gate is not charged, the. 
MOSFET will be cut off. Programming the EPROM then is a process of 

charging those gates where it is desirable to store a binary 1. 





FLOATING GATE FLOATING GATE 
ALUMINUM 


SOURCE Sio, DRAIN CONTACTS SOURCE SiO, DRAIN 





N-TYPE Si SUBSTRATE N-TYPE Si SUBSTRATE 
A B 
Cell in the unprogrammed or erased state. Cell in the programmed state. A negative 
Gate has no charge and source to drain charge on the gate induces a P channel 
resistance Rep is very high. between source and drain so Rep is low. 


Si09*Silicon Oxide insulator 


Figure 9-23 
Cross sectional view of floating gate MOSFET used in 
EPROM. 


Figure 9-23 shows a cross-sectional view of an EPROM MOSFET. It con- 
sists of an N-type substrate into which has been diffused two P-type areas 
to form the source and the drain. Aluminum connections are attached to 
the source and drain areas. A silicon oxide layer on the substrate between 
the source and the drain contains a floating silicon gate that is electrically 


insulated from the source and drain regions. The result is a P-type MOS- 
FET. 
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When the MOSFET is not programmed, there is no charge on the gate. 
As a result, the source-to-drain resistance is extremely high. A binary 0 
is said to be programmed into the MOSFET at this time. 





To program a binary 1 into the MOSFET, the MOSFET must be made to 
conduct. Ordinarily to cause a P-channel enhancement mode MOSFET 
to conduct, a negative gate voltage would be applied. To cause an EPROM 
MOSFET to conduct, the floating gate must somehow be charged nega- 
tively. 


To program an EPROM MOSFET, a source-to-drain voltage of approxi- 
mately 25 to 30 volts is applied between the source and the drain. 
This voltage is high enough to cause an avalanche breakdown in the 
P-N junctions existing between the source and the substrate, and the 
drain and the substrate. Some of the electrons flowing as a result of 
the avalanche breakdown, penetrate the silicon oxide barrier and collect 
on the isolated gate. A negative charge, therefore, builds up on the 
gate. The higher the avalanche voltage and the longer it is connected, 
the higher the charge becomes. With the gate charged, and the program- 
ming voltage removed, the MOSFET is now biased on. 


The process of programming the EPROM MOSFET then is one of apply- 
ing high source-to-drain voltage for a given period of time. With the 
MOSFET conducting, a binary 1 is programmed. Keep in mind that while 
a P-channel device was discussed here, N-channel devices can also be 
manufactured. 





Because of the very low leakage of the silicon oxide, the charge program- 
med on the gate will be retained for a very long time. The leakage is so 
low in fact, that the gate charge is retained for many years. The program- 
ming is, for most practical purposes, permanent. 


Once an EPROM is programmed, you can erase it by exposing the matrix 
of floating gate MOSFETs to ultraviolet light. Most PROMSs are housed 
in dual in-line packages with the chip centered in the package. Over the 
chip is a quartz cover that will admit light. To erase the EPROM, ul- 
traviolet light is applied to the chip for a period of 10 to 20 minutes. (No 
more than about 20 minutes is required to completely erase the PROM.) 
Ultraviolet light causes the charge on the gates to be dissipated. 


Ordinary light, including sunlight, normally contains some small 
amount of ultraviolet rays. Usually they are inadequate to erase the 
EPROM. Nevertheless, most EPROMs are protected from ordinary light 
by asmall piece of tape applied over the quartz window on the IC. 
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The first EPROM, and one of the most popular, was the model 1702A. 
This device is a 256 x 8, 2K bit device. Although programming was 
slow (it took many minutes to charge the cells adequately enough to 
ensure reliability) and access times were long, the 1702A was widely 
used because it could be erased and reprogrammed in the field. 





Since then, new EPROMs have been developed. The popular 2700 
series is a good example. This is a series of 8K, 16K, 32K, and 64K 
bit devices. For example, the 2708 is an 8K bit device organized in 
a 1K x 8 configuration, the 2716 is a 16K device organized in a 2K 
x 8 configuration, and the 2732 and 2764 EPROMs have 4K x 8 and 
8K x 8 organizations, respectively. The largest current EPROM can 
store up to 64K bits. 


These N-channel devices operate from a single 5-volt supply. In addition, 
they have the advantage of being programmed in a relatively short period 
of time. All of them can be erased with ultraviolet light. 


ELECTRICALLY ERASABLE PROM 


Another popular form of EPROM is the electrically-erasable PROM, 
EEPROM, or E*PROM. Instead of using ultraviolet light, you can erase 
this device by applying appropriate electrical signals to the chip cir- 
cuitry. This is an important advance in ROM design, as it combines the 
read and write capability of a RAM but with the nonvolatile characteris- 
tics of aROM. 





Typical E*PROMs are available in 1K x 8 and 2K x 8 organizations. 
They are made with standard floating-gate MOSFETs. You can erase the 
contents of the ROM on a byte-by-byte basis by addressing the desired 
byte and applying a single 21-volt pulse. A chip erase capability is also 
provided. Again, a 21-volt pulse, applied to the circuit under certain con- 
ditions, erases the entire contents of the ROM. 


Any byte or.the entire chip can be erased or written into in 10 mil- 
liseconds. Although 10 milliseconds is a long write time compared to the 
times normally dealt with in typical digital systems, the E7PROM is ex- 
tremely valuable. It permits data to be stored ina ROM and then read later 


under the control of a microcomputer or other portion of the digital sys- 
tem. 


In all systems containing standard read/write memories, removing the 
power causes the data in the memory to be lost. When an E*PROM is 
used, any data stored in the ROM will be retained when power is re- 
moved. Very high-speed read-access times of several hundred 
nanoseconds and the benefit of nonvolatility makes the E2PROM one of 
the most desirable semiconductor memory devices available. 
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PROM Programmers 





Both bipolar and MOS PROMs are usually programmed by a special 
piece of equipment known as a PROM programmer, also known as a 
PROM “burner” or PROM “blaster.” The PROM programmer contains all 
of the circuitry for addressing a PROM and storing the desired bits, as 
well as an address counter that is incremented to sequentially address 
the ROM words. Also included are the circuits for generating the high 
voltage programming pulses, which either blow the internal fuses or 
charge the isolated gate MOSFETs. Most modern PROM programmers 
can be used to program a wide variety of PROMs. Through the use of “‘per- 
sonality modules”, the PROM programmer can generate the necessary 
programming pulses for the most popular types of bipolar and MOS 
ROMs. These “personality modules” are often plug-in devices. 


PROM programmers usually contain a hexadecimal keyboard and 7-seg- 
ment LED displays. The keyboard allows an operator to enter a desired 
address and then the desired data. The operator can initiate the program- 
ming operation by pressing a “store” button. You can program PROMs 
manually by sequentially entering the addresses and then the data in 
hexadecimal form. The LED display shows the address and data pro- 
grammed. With these manual controls, you can enter any address, and 
program data. You can also view the contents of each address to be sure 
that the data was properly programmed. 





Another feature of most PROM programmers is a copy capability. This 
allows the contents of an existing PROM or ROM to be copied into a new 
PROM. The PROM programmer contains sockets for both the ICs. Auto- 
matic circuitry in the PROM programmer sequentially steps through the 
addresses of both the ROM to be copied and the new PROM. The data 
is sequentially transferred from one ROM to the other. 


As PROMs continued to get larger in size, it became evident that manual 
programming was impractical. It would be a tedious, time-consuming, 
and error-prone process to manually enter addresses and data to program 
a PROM with, for example, 8K bytes. As a result, most PROM program- 
ming today is done automatically. 


The addresses and data are generally supplied by an external microcom- 
puter interfaced to the PROM programmer. Usually, the content of a 
PROM is a series of instructions and data words used by a microcompu- 
ter. This information is typically generated in a microcomputer and 
stored in its memory (RAM). That data is then transferred from the micro- 
computer to the PROM programmer where it is entered into the PROM. 
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Self Test Review 





47. ROMs into which data can be written in the field after manufac- 
ture are said to be 


48. The two main categories of PROM are _________. and 


49. PROMsare nonvolatile. 


A. True 
B. False 
50. Bipolar PROM storage cells contain a _______ used for 
programming. 
51. The largest bipolar PROM can store up to ——————— bits. 
52. The largest MOS EPROM can store up to ———————— bits. 
53. Bipolar PROMs are available with both ——— — and 


circuits. 





54. MOS PROMs are faster than bipolar PROMs. 


A. True 
B. False 
55. The two types of fuses used in bipolar PROMs are 
and. 
56. Growback is sometimes a problem in _____type fuses. 


57. Most MOS PROMs can be 


58. The two basic methods of clearing all data from a MOS PROM 
are —— ~ and ' 


59. The main storage element in a EPROM is a 
MOSFET. 
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60. EPROMSs are erased by applying —— light. 





61. EEPROMs are erased byan— ——— ~ signal. 


62. The instrument used to store data in a PROM is called a 
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Answers 





47. programmable 

48. bipolar, MOS 

49. A— True 

50. fuse 

51. 16K 

52. 64K 

53. TTL, ECL 

54. B— False Bipolars are faster than MOS. 
55. nichrome, silicon 


56. nichrome 





57. erased 

58. light and electrical 
59. floating gate 

60. ultraviolet 

61. electrical 


62. PROM programmer 
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EXPERIMENT 23 





Semiconductor Memories 


OBJECTIVES: To demonstrate the operation of a static 
RAM semiconductor memory IC. 


Introduction 


In this experiment, you will gain practical experience in using semicon- 
ductor memory ICs. Specifically, you will demonstrate the operation and 
application of a typical static RAM. The device you will be using will be 
the popular 2114 1K x 4 static RAM. The operation of this device was 
described earlier in the unit. 


You will apply addresses to the memory chip and then perform both read 
and write operations, and show the function of both the chip enable and 
read/write control signals. Further, you will demonstrate the concept of 
volatility. 





This experiment, as with many others you have implemented previ- 
ously, is made up of a number of integrated circuits. Be careful in wiring 
the circuit to avoid interconnection errors. This is the most common 
cause for a malfunctioning circuit. Be sure that all ICs are connected to 
+5 volts and ground. Refer to Figure 9-11 for pin-out details on the 2114. 
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Materials Required: 





Heathkit Digital Design Experimenter ET-3200 


1—2114 RAM IC (443-764) 
1— 74193 IC (443-815) 

1— 14495-1 IC (443-1802) 
1—7-segment LED display 
1—1 KQ resistor 


Procedure 


1. Construct the circuit shown in Figure 9-24. The 74193 4-bit binary 
counter will be used to supply addresses to the 2114 RAM. The 
decoder driver and 7-segment LED display will provide a conve- 
nient readout of the address in hexadecimal notation. Logic switch 
A will be used to step the counter and thus change the RAM 
address. Logic switch B will be used to control the read/write 
function of the 2114 RAM chip. The four LED displays on the 
Trainer will be used to read the data stored in the RAM. 





2. Examine the circuit shown in Figure 9-24. Note that the 2114 
has a 10-bit address input AO — A9. Assume that the 74193 
counter contains the binary number 1111. The address applied 
to the 2114 RAM, therefore, is 


The LED display will read out the character ——  — atthis 
time. 


3. Apply power to the circuit. Increment logic switch A so that the 
counter is stepped until the 7-segment display reads 0. Then step 
the counter through its 16 states as indicated by the 7-segment 
display showing the digits 0 through 9 and A through F. For 
each applied address, note the reading on the 4-bit LED display. 
Record the display contents in Table I Page 9-79. 


How do you account for the contents of the RAM at this time? 
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IMPORTANT NOTE: 2114 I/O PINS SHOULD BE 
CONNECTED TO LOGIC INDICATORS LI1-L4 IN 
STEPS 1-3 AND 6-10. THE I/O PINS CONNECT 
TO THE DATA SWITCHES SW1-SW4 IN STEPS 
4-5. DO NOT CONNECT THE DATA SWITCHES 


el AND LOGIC INDICATORS TO THE I/O PINS 
8 AT THE SAME TIME. 
3l 
as “SEGMENT 
DISPLAY DATA 
SWITCHES 
sw4 | sw2 


E fash IKx4 | sw3| swi 
13 ‘S, RAM o] | | 
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ieee eae 3 + >e 
SS YS 
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A LOGIC 
oci INDICATORS 
SWITCH 
= LOGIC 
2N SWITCH 
Figure 9-24 


Experimental circuit for Steps 1 through 10. 
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Discussion for Steps 1—3 





In the circuit you constructed, you are using a 4-bit binary counter to 
apply a 4-bit address to the four lower order bits of the RAM address 
input. The six most significant bits are binary 0’s because pins 3, 2, 1, 
17, 16, and 15 are connected to ground. Therefore, the addresses being 
applied to the RAM are 0000000000 through 0000001111. With 1111 ap- 
plied to the 2114, the 7-segment display will read a hexadecimal F. For 
this experiment, we will only be using the lower 16 locations of the RAM 
chip because of this limited addressing capability. Keep in mind that the 
2114 RAM is capable of storing 1024 (1K) 4-bit words. 


When you apply power to the circuit, the 2114 RAM is fully functional. 
However, applying power to a RAM chip will cause random data to ap- 
pear in the device. As the power turns on, the storge cells in the RAM 
can come up in either a set or reset state, so the content of the memory 
on power up can be virtually anything. 


As you incremented the lower order address bits, you read the contents 
of the first 16 memory locations. Logic switch B connected to pin 10 
applies a binary 1 level to the read/write or write enable line (WE), 
which tells the RAM chip to perform the read function. The chip select, 
(CS) input is grounded, therefore,the RAM is enabled. The output of 
the RAM is displayed on LED indicators L1 through L4. The data you 
recorded in Table I should have shown a random selection of 4-bit 
binary numbers. The data is meaningless. 
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Procedure (continued) 


4. Turn off the power to the circuit. Modify the circuit to connect the 
2114 I/O lines to the data switches instead of the logic indicators. 
See Figure 9-14. Data switches SW1 through SW4 will be used as 
a binary word source for the RAM. You will set these switches to 
various states and store them in sequential memory locations. 


5. Increment logic switch A until the 7-segment LED display reads 0. 
Then set the data switches to 0000. Depress logic switch B momen- 
tarily and then release it. Next, increment logic switch A to the next 
address, which will be 1. Then set the four data switches to the bi- 
nary equivalent of the address being displayed on the 7-segment 
display, or 0001. Again momentarily increment logic switch B. 
Continue to repeat this process where you increment the counter 
with logic switch A, set the data switches to the binary equivalent 
of the address shown on the 7-segment display and then store the 
data by momentarily depressing logic switch B. Once you have 
stored all 16 states in the RAM, this step is complete. Set all data 
switches to 0000. 


Discussion for Steps 4 and 5 


In these steps, you rewired your circuit to use the data switches as 
a switch register to supply binary numbers to the RAM. You then incre- 
mented the RAM address and stored in each sequential location the 
binary equivalent of the hexadecimal address being displayed. Each 
time you depress logic switch B, you switch the read/write (WE) control 
line from read to write, thereby storing the data in the memory location. 


9-78 | UNIT NINE 


Procedure (Continued) 





6.  Rewire the circuit, replacing the data switches with the logic indi- 
cators. Do not turn off the power to make this wiring change. The 
wiring changes are minor, and all you are doing is resubstituting 
the LED display for the logic switches. Be careful as you make this 
change so that adjacent pins or wires do not touch. Be careful so 
you do not damage the circuit. 


7. Disconnect the R/W input jumper from the logic switch B output 
connector. Reconnect the R/W input jumper to the logic switch B 
output connector. Using logic switch A, step the address counter 
through its 16 states. At each address, note the content of that RAM 
location. Record the reading of the LEDs in Table II. 


8. | Remove the wire connecting the chip select (CS) input on pin 8 
from its ground connection. Connect pin 8 of the 2114 RAM toa 
convenient +5-volt terminal. Now increment logic switch A 


through the 16 memory locations and observe the states of LEDs 
L1 through L4. 


With the chip select input at +5 volts, the output LEDs display the’ - 
same states for each input address as when the chip select is con- 
nected to ground. True or false? 





9. Reconnect chip select pin 8 on the 2114 to ground. Again step 
through the 16 input addresses with logic switch A. Again note the 
LED display for each memory address. 


10. Using the power switch on the ET-3200 Experimenter, turn off the 
power for ten seconds and turn it back on. Using logic switch A, 
step through the 16 addresses from 0 through F and record the 


RAM.contents in Table III. Compare the contents in Tables II and 
IM. 


Account for any differences between Tables II and III. 
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Discussion for Steps 6 —10 





In step 6, you sequenced through the input addresses and observed the 
contents of the RAM stored there in the previous steps. You should have 
found that at each memory location, the contents of the RAM was the 4- 
bit binary number corresponding to the hex address being displayed on 
the 7-segment readout. 


Next, you connected pin 8 of the 2114 to + 5 volts. Pin 8 is the chip select 
input. As long as pin 8 is held at ground, the chip is enabled. This means 
that all of the circuitry on the chip is fully operational and the device is 
capable of performing both read and write operations. When pin 8 is con- 
nected to binary 1 or +5 volts, the RAM chip is completely disabled. The 
data stored in the memory, or course, is retained. However, it is not possi- 
ble to perform either read or write operations with the chip disabled. Re- 
call that the 2114 has 3-state output drivers. When the chip select input 
is high, the 3-state drivers are in their high impedance state. The four out- 
put lines connected to the LED drivers on the ET-3200 Experimenter, 
therefore, are effectively open. At this time, displays L1 through L4 
should be binary Os for all input addresses. Returning pin 8 to ground 
thereby enables the memory. By sequencing through the addresses, you 
should find that the data previously stored there can again be read out. 





In the final step, you momentarily switched off the power. Because of the 
volatility of the 2114 semiconductor memory, all of the data previously 
stored there was lost. You discovered this when you reapplied power and 
stepped through the 16 addresses. You should have found random binary 
numbers in the RAM at this time rather than the numbers 0000 through 
1111 stored there in previous steps. This clearly demonstrates that even 


a momentary loss of power erases all data stored in a semiconductor 
memory chip. 
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UNIT EXAMINATION 





The purpose of this exam is to help you reveiw the key facts in this Unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and work every 
problem first before checking the answer. 


1. Which of the following non-semiconductor devices are still used 


in digital memories? 
A. Flip-flops. 
B. Relays. 
C. Vacuum tubes. 
D. Magnetic cores. 


2. Storing data into amemory is called: 


A. Writing. 

B. Stashing. 

C. Memorizing. 
D. Remembering. 





3. Retrieving data from a memory is called: 


A. Getting. 
B. Reading. 
C. Fetching. 


D. Accessing. 


4. AROMisalsoa: 


A. Serial access memory. 

B. Read/write memory. 

C. Random access memory. 
D. Volatile memory. 


5. The basic storage circuit of a sequential access digital memory is 


a: 
A. Counter. 
B. Shift register. 
C. Capacitor. 
D. Oneshot. 
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6. The number given to a memory location for reference purposes is 





called the: 
A. Mantissa. 
B. Code. 
C. Instruction. 
D. Address. 


7. To sequentially store 4096 7-bit ASCII words, a shift register must 


have how many bits? 
A. 16,384. 
B. 28,672. 
C. 32,768. 
D. 65,536. 


8. The loss of data from a power failure in a semiconductor memory 


is called: 
A. Volatility. 
B. Nonvolatility. 
C. Erasure. 
D. Nonpermanence. 





9. The interval required to address and read out a memory word is 


called: 
A. Access time. 
B. Pulse duration. 
C. Settling time. 
D. Propagation delay. 


10. Inmemory terminology, K means: 


A. 1,000. 
B. 1,024. 
C. 10,000. 
D. 100,000. 
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11. Which configuration below refers to a memory that can store 
32,768 bytes? 





A. 8K X 32. 
B. 32K x 4. 
C. 32K ~x 8. 
D. 32,768 xX 4. 


12. How many 16K X 1 memory ICs does it take to form a 128K x 8 


memory? 
A. 16. 
B. 32. 
C. 64. 
D. 128. 


13. The standard designation for a read/write memory is: 


A. RAM. 
B. ROM. 
C. RWM. 
D. RMM. 





14. Which of the following are not advantages of a dynamic RAM over 


a static RAM? 
A. Easier to use. 
B. Lower power consumption. 
C. Smaller size, greater chip density. 
D. Faster. 


15. More bits may be stored in a given area with dynamic cells because: 


Dynamic cells are larger. 

Dynamic cells are smaller. 
Dynamic cells consume less power. 
Dynamic cells are faster. 


Dowe 


16. The access time of a static RAM is predominately: 


A. Charge/discharge time. 
Propagation delay. 

C. Speed of external circuits. 

D. Storage element characteristics. 
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17. 
RAM? 
A. 
B. 
C. 
D. 
18. 
A. 
B. 
C. 
D. 
19. 
A. 
B. 
C. 
D. 
20. 
A. 
B. 
C. 
D. 
21. 
A. 
B. 
22. 


OO Wp 


Which of the following is not a typical characteristic of a bipolar “™ 





High power consumption. 
High speed. 
Nonvolatility. 

Small storage capacity. 


Typical access times for a MOS dynamic RAM are: 


9—20ns. 
20—100ns. 
100—500 ns. 
500—900 ns. 


A 64K x 8 memory can store how many bytes? 


32K. 
64K. 
128K. 
256K. 





Which organization is most typical for a PROM? 


4K x1. 
4K x 4. 
4K x 8. 
4K x 16. 


The flip-flop is the main storage element in which kind of memory? 


Static. 
Dynamic. 


The main storage element in a dynamic memory is a: 


Flip-flop. 
Capacitor. 
One shot. 
MOSFET. 
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23. 


24. 


29. 


26. 


27. 


28. 


Lowest power consumption is obtained with which type of mem- 


ory? 
A. ECL. 
B. TTL. 
C. MOS. 


The memory IC input that “turns on” the circuitry in preparation 
for a read or write operation is called the: 


A. Address. 


B. Read/write. 
C. Chip enable. 


A memory IC with a 128 x 128 storage matrix can retain how many 


data bits? 
A. 128. 
B. 16K. 
C. 64K. 
D. 128K. 


Another name for the read/write control line is: 
A. Write enable. 
B. Chipselect. 
C. Address. 


In multi-IC memories, extra decoders enable the selected chips 


through which IC inputs? 
A. Address. 
B. Read/write. 
C. Datainput. 
D. Chip select. 


Restoring the charge on a dynamic storage cell is called: 


A. Refresh. 
B. Store. 
C. Write. 
D. Retain. 
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29. Therefresh operation in atypical dynamic RAM takes place every: 





A. 100ns. 
B. 2s. 
C. 10s. 
D. 2ms. 


30. The refresh operation is usually performed by a special IC called 


a: 
A. Binary counter. 
B. DynamicRAM controller. 
C. Shiftregister. 
D. Multiplexer. 


31. ROMs into which data can be written after the ROM is made are 


called: 
A. RAMs. 
B. ROMs. 
C. PROMs. 
D. RWMs. 





32. Bipolar PROMsare programmed by: 


A. Biasinga bipolar transistor. 
B. Blowinga fuse. 

C. Masking a bipolar transistor. 
D. Charginga floating gate. 
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33. The main storage element ina MOS PROM isa: 





A. Fuse. 

B. MOSFET. 

C. Floating gate MOSFET. 
D. Bipolar transistor. 


34. EPROMscan be erased by: 


A. Blowinga fuse. 

B. Applyinga 21-volt pulse. 
C. Turning off the power. 

D. Applying ultraviolet light. 


35. The device used to store data in a PROM is called a/an: 


A. PROM programmer. 

B. Microcomputer. 

C. Papertape reader. 

D. Ultraviolet light source. 
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EXAMINATION ANSWERS 





1. D— Magnetic cores. 

2. A— Writing. 

3. B— Reading. 

4. C— Random access memory. 

5. B— Shiftregister. 

6. D— Address. 

7. B— 28,672(7 x 4096 = 28,672). 
8. A— Volatility. 

9. A— Access time. 


10. B— 1024. 





11. C— 32K x 8 (byte = 8 bits). 


12. C— 64 128K x 8 = 1024K. 
1024/16K = 64. 


13. A— RAM. 


14. A— Easier to use. 
D — Faster. 


15. B— Dynamic cells are smaller. 
16. B— Propagation delay. 

17. C— Nonvolatility. 

18. C— 100—500ns. 

19. B— 64K. 


20. C— 4K x 8. 
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21. A— Static. 





22. B — Capacitor. 

23. C— MOS. 

24. C — Chipenableor chip select. 
25. B— 16K. 

26. A— Write enable. 

27. D— Chipselect. 

28. A— Refresh. 

29. D— 2ms. 

30. B — Dynamic RAM controller. 
31. C— PROMs. 


32. B— Blowinga fuse. 





33. C — Floating gate MOSFET. 
34. D— Applying ultraviolet light. 


35. A— PROM programmer. 








Unit 10 
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INTRODUCTION 


Electronic data exists in two basic forms, analog and digital. As you 
recall, analog data is continuous in nature. Typical analog signals are 
voltages and current that vary smoothly or continuously in amplitude 
and shape. Digital data on the other hand consists of binary numbers 
and codes that represent quantities. Both types of data are widely used 
in electronics. Frequently, it is necessary to convert data from one form 
to another. For example, it may be desirable to convert an analog signal 
into digital numbers that can be processed by a computer. Or similarily, 
it may be desirable to convert the numerical or tabular output data 
from a computer into an analog signal. Special circuits known as digital- 
to-analog (D-to-A) converters and analog-to-digital (A-to-D) converters 
are designed for this purpose. 


In this unit you are going to study various data conversion methods. 
You will learn several different types of D-to-A and A-to-D conversion 
methods. We will also discuss support elements for data conversion, 
including sample and hold circuits and multiplexers. 


Review the “Unit Objectives” now. Then begin immediately with the 
first item in the “Unit Activity Guide.” 
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UNIT TEN 


UNIT OBJECTIVES 


When you complete this unit, you will have the knowledge and skills 
indicated below. You will be able to: 


1. | Name two reasons why it is desirable to convert from one form 
of data to another. 


2. Explain two basic methods of digital-to-analog conversion. 

3. | Name and explain the error sources in digital-to-analog conver- 
sion. 

4. List four different types of analog-to-digital conversion. 

5. Explain how sampling rate affects data conversion accuracy. 

6. Name and explain the error factors in analog-to-digital conver- 
sion. 


7. Define the term “time division multiplexing” and explain how 
an analog multiplexer works. 


8. Define and explain the operation of a sample/hold circuit. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


[] Read “The Purpose of Data Conversion” and 
“Digital-to-Analog Conversion.” 

[] Complete Self-Test Review Questions 1 - 15. 

C] Perform Experiment 24. 

[] Read ‘“Analog-to-Digital Conversion.” 

(] Complete Self-Test Review Questions 16 - 36. 

[] Perform Experiment 25. 


[] Complete the Unit Examination. 


[] Review the Examination Answers. 
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PURPOSE OF DATA CONVERSION 


In the early days of electronics, virtually all electronic devices and 
systems were analog in nature. However, with the development of pulse 
and digital circuits, the designer and the user of electronic equipment 
soon began to have a choice between analog and digital techniques. 
In many cases, designers found that specific applications could be op- 
timized or problems solved by combining both analog and digital tech- 
niques. When analog and digital techniques are combined within the 
same piece of equipment, it is generally necessary to convert data from 
one form to another. Data conversion circuits known as digital-to-analog 
converters (DACs) and analog-to-digital converters (ADCs) were de- 
veloped for this purpose. 


The single most important development that has increased the need 
for data conversion hardware is the development and widespread use 
of microprocessors and digital computers. Today computers are a part 
of almost any piece of electronic equipment or system. Even the small- 
est test instruments often contain a computer in the form of a micropro- 
cessor. 


Microprocessors are widely used because they replace a lot of discrete 
logic and perform a wide variety of operations under program control. 
Because of their incredible data processing capacity, microprocessors 
permit equipment to be more sophisticated, to perform a wider variety 
of operations, and to implement functions that before were impossible 
or impractical. Low cost microprocessors bring the power of the digital 
computer to even the smallest of electronic applications. 


Since virtually all electronic instruments and systems today use some 
form of digital processing, A-to-D and D-to-A conversion techniques 
are necessary in any applications where analog signals are to be used. 


Consider an industrial control system employing a digital computer. 
Most industrial control systems use a variety of transducers or sensors 
that monitor analog variables. These variables include temperature, 
pressure, vibration, liquid level, light intensity, and a variety of other 
analog information. The transducers convert these analog variables into 
analog signals. A-to-D converters are used to change the analog data 
into binary numbers and codes that can be dealt with by the control 
computer. The computer can store the information in memory or pro- 
cess it. 
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Most control systems also feature analog outputs. The control computer 
may wish to generate analog output signals that are used to control 
servo systems, analog plotters, pen recorders, motors, and other analog 
devices. To do this, D-to-A converters are used to change the digital 
data from the computer into the desired analog outputs. 


Another modern day application is voice synthesis, which is the pro- 
cess of generating artificial speech with a digital computer. The digital 
data that forms the speech is passed through a D-to-A converter to 
form the analog voice output. 


In a speech recognition system, the analog voice signal is passed 
through a microphone to an analog-to-digital converter. The voice is 
changed into binary numbers and codes which can be recognized and 
processed by a digital computer. 


A-to-D and D-to-A conversion techniques are also used in test instru- 
ments. A digital multimeter, for example, is nothing more than an A-to- 
D converter with a decimal output display. D-to-A converters are widely 
used in CRT display systems for changing digital data into an analog 
graphical output that can be displayed on the CRT. 





Today, digital techniques are low in cost, sophisticated, and incredibly 
powerful. In addition to being able to store data very efficiently in 
high density semiconductor memories, and in digital form on floppy 
disks and cassette tapes, microprocessors can be used to manipulate 
the data in a variety of ways. It makes sense, therefore, in most elec- 
tronic applications to use some form of digital processing. Yet on the 
other hand, many inputs and outputs that we wish to deal with are 
in analog form. Data conversion techniques allow us to accept the nor- 
mal analog inputs and outputs and utilize them most effectively with 
electronic equipment which is digital in nature. 
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DIGITAL-TO-ANALOG CONVERSION 





A digital-to-analog converter (DAC) is an electronic circuit that changes 
digital signals into an analog signal. In other words, the DAC converts 
binary signals or codes into an analog voltage or signal. Figure 10-1 
shows a simplified illustration of a DAC. 


PARALLEL 

BINARY c DC ANALOG 
INPUT DA OUTPUT 

(3 BITS) 


Figure 10-1 


Basic concept of a 
digital-to-analog converter. 


The input to a DAC is usually a parallel binary number. The output 
is a DC analog voltage that is proportional to the value of the binary . 
input. For example, assume that a DAC accepts a three-bit binary input 
word. This means that the eight possible input codes from 000 through 
111 can be applied to the DAC input. The output of the DAC will 
be an analog voltage that is proportional to the binary input value. 
The DAC output may simply be an analog voltage whose DC value 
equals the binary input equivalent. If the binary input is 111, the analog 
output voltage will be its decimal equivalent, or 7 volts. In the same 
way, an input of 100 would produce a 4 volt output, while a 000 input 
would produce a zero voltage output. 





To further illustrate this concept, assume the three-input DAC is con- 
nected to the outputs of a three-bit binary counter. See Figure 10-2. 
As the counter is incremented, it steps from 000 through 111, and then 
recycles back to 000 and repeats. 


ANALOG 
OUTPUT 


CLOCK 








Figure 10-2 


3-bit counter driving a DAC. 


~ 
-æ 


Data Conversion | 1 0-9 


CLOCK 





(ap) 
© 
© 
© 
© 
- = 
— 
— 
— 


al 
= 
-m 


+ 
~ 
< 


DAC 
OUTPUT 





Figure 10-3 


Waveforms of binary counter 
and DAC output. 


Figure 10-3 shows the clock signal stepping the counter, the three bi- 
nary outputs applied to the DAC, and the resulting DAC output voltage. 
Note that, as the counter is stepped, the DAC output voltage rises in 
a linear step fashion. When the maximum value of 111 is applied to 
the DAC, the maximum output voltage of 7 is produced. On the next 
input pulse, the counter recycles to 000 and the pattern repeats. Note 
that the DAC output is a stair-step ramp voltage. It is not truely a smooth 
continuously varying voltage as a real analog signal would be. However, 
the waveform very closely approximates a continuously varying linear 
ramp or sawtooth voltage. This particular analog output waveform var- 
ies in one volt increments. In most DACs, the output voltage step can 
be specified. Further, if more digital input bits are used, there can be 
many more smaller voltage steps, and the resulting DAC output will 
even more closely resemble a smooth continuously varying output saw- 
tooth. 
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Figure 10-4 


Stepped approximation to a sine wave. 


While the digital input in this illustration is supplied by a binary 
counter, thus producing a stair-step ramp output voltage, keep in mind 
that any sequence of binary inputs may be applied to a DAC. Up-down 
counters, shift registers, and ROMs are other common sources of input 
data for a DAC. An excellent approximation to virtually any analog 
signal can be generated. A fixed binary number input will generate 
a constant DC output voltage, while a rapidly changing stream of binary 
numbers will generate a complex analog output waveform. For exam- 
ple, if the sequence of binary numbers in Figure 10-4 is applied to 
a DAC, the DAC will generate a close approximation to a sine wave. 
The speed with which the binary input numbers are changed will deter- 
mine the output frequency of the sine wave. 
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Figure 10-5 


Block diagram of a typical DAC. 


A more detailed block diagram of a typical DAC is shown in Figure 
10-5. It consists of three major parts: a resistive network, a reference 
source, and binary switches. The digital input word is applied to the 
binary switches, which control the application of a precision voltage 
or current reference source to the resistive network. It is the resistive 
network that actually performs the digital-to-analog conversion. The 
output of the resistive network is a current that is proportional to the 


binary input value. The value of the reference source determines the 
absolute current output. 


Normally a current output is not as useful as a voltage signal in most 
applications. Therefore, a standard operational amplifier is used to 
change the output current into an output voltage, as shown in Figure 
10-5. All DACs use this basic configuration. However, there are wide 
variations in the type of resistive networks, binary switches, and refer- 
ence sources used, as you will see. 
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Binary Weighted Resistor DAC 





The simplest form of D-to-A converter is the weighted resistor DAC 
shown in Figure 10-6. It has all of the basic elements of a DAC as 
previously discussed. The binary input, in this case a four-bit number, 
controls binary switches that connect the reference voltage to a resistive 
network which, in turn, generates a proportional current. The op amp 
converts the current into the output voltage. The resistors are weighted 
in a binary fashion where the value of each resistor is twice the value 


of the next. 
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A weighted resistor DAC. 
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A closer look at the circuit in Figure 10-6 shows that it is simply an operational 
amplifier summer. The voltages applied to the four input resistors are multiplied 
by a gain factor equal to the ratio of the feedback resistor (Rp) to the value of the 
input resistor. All of the inputs are then summed to produce the final output volt- 
age. The op amp is connected in the inverting configuration and will generate an 
output voltage whose polarity is the opposite of its input, in this case, the refer- 
ence voltage. The formula below expresses the output of the circuit in terms of 
the input voltages, as well as the input and feedback resistor values. 


Vo= —V (Rd/R + Reof2R + R/4R + Re/8R) 





Assuming a —10 volt reference, R is 10kQ, and R¢ is 8k, you can compute the 
analog output voltage for any given binary input value. For example, assume that 
the binary input is 1001. This means that switches A and D are set to the binary 1 
position while switches B and C are at the binary 0 positions. Since the input 
resistors 2R and 4R are connected to O volts, they will contribute nothing to the 
output. Therefore, the output voltage with the inputs shown is as indicated 
below. 


Vo =— (-10)(8k/10k + 8k/80k) 
Vo = 1008 + .1) =9 volts 





As you can see, this is a +9 volt output. Because of the binary weighting of the 
input resistors, the output voltage will be the analog equivalent of the binary in- 
put, assuming the proper reference voltage level is used. For other values of ref- 
erence voltage, the output will not be exactly equivalcnt to the binary input 
value; however, it will be proportional. 


Figure 10-6 shows a complete summary of the binary inputs and outputs for all 
16 possible binary input values. As you can see, the output voltage changes in 1 
volt increments. By changing the value of the feedback resistor, different voltage 
increments can be used. For example, by making the feedback resistor 800 in- 
stead of 8k, the output voltage will change in .1 volt stcps rather than in 1 volt 
steps. 


In this example, we have shown mechanical switches as being used to connect or 
disconnect the reference voltage to or from the resistor network. This helps 
simplify the explanation. In practice, mechanical switches are not used. The idea 
is to have fast electronic switches controlled by digital circuits so that the DAC 
can operate at high speeds. Typical clectronic switches use bipolar transistors 
and FETS. 
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Figure 10-7 


A bipolar inverted, overdriven 
complementary binary switch. 


Figure 10-7 shows a typical electronic switch used for this application. 
This circuit is generally referred to as an inverted overdriven com- 
plementary emitter follower. Transistors Q2 and Q3 operate as switches 
to connect either the — 10 volt reference or ground to the input resistor 
of the network. For example, when transistor Q2 conducts, — 10 volts 
will be connected to the input. During this time, Q3 is cut off. When 
Q3 conducts and Q2 is cut off, the input resistor will be connected 
to ground through transistor Q3. Transistor Q1 is used as a driver circuit 
for the two switches and receives its input from one of the binary input 


bits. One of these complete switching circuits is required for each input 
bit. 





Assume that the binary input is 0 volts. This causes transistor Q1 to 
become forward biased. With Q1 conducting, the output voltage at its 
collector will be approximately 5 volts. This +5 volts will be applied 
directly to the base of Q2 and to the base of Q3 through resistor R3. 
With this connection, Q2 will cut off and Q3 will conduct. Q3’s very 


low conducting resistance will cause the input resistor to see 0 volts, 
or ground. 
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When the binary input is a binary 1 level of approximately 5 volts, 
Q1 will cut off. The —15 volt supply voltage will be applied to the 
base of Q3 through R3 and Q3 will cut off. Q2 will conduct and its 
low resistance will cause the —10 volt reference to be connected to 
the input resistor. 





Transistors Q2 and Q3 are emitter followers configured as a com- 
plementary pair. The advantage of using emitter followers is that the 
saturation collector-to-emitter resistance is extremely low. Therefore, 
the collector-to-emitter voltage drop at saturation is also extremely low, 
only a few millivolts as compared to possibly hundreds of millivolts 
for a common-emitter configured transistor. This is important because 
the output voltage to the network resistor should be as close to ground 
or to —10 volts as possible. While the voltage drop across these two 
transistors can not be completely eliminated, in most cases the resultant 
error factor can be reduced to a point where it has little or no effect 
on circuit acccuracy. 
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Improved Weighted Resistor DAC 





The basic weighted resistor DAC can be further expanded to accept 
larger binary words. By simply adding an additional weighted resistor 
for each additional input bit, theoretically, any binary word size can 
be accommodated. However, there is a practical limitation to this cir- 
cuit. The larger the number of input bits, the wider the range of resistor 
values required to produce the desired binary weighting. In the four-bit 
DAC discussed previously, the resistor values had an 8 to 1 range. 
Assume that we extended this to an 8 bit input word. The lowest value 
of resistor would still be R, but the highest value resistor would be 
128 R. This represents a 128 to 1 ratio. 


While a wide resistance range does not appear to be a problem, consider 
what happens when 12 bits are used. Suddenly, the ratio is 2048 to 
1. With 10 k being the lowest value, the highest value would be 2,048 
megohms. This is an enormous range of resistance values when it is 
necessary to have extreme accuracy. It is difficult to control the toler- 
ance of resistors over such a wide range. 


The accuracy of a D-to-A converter is highly dependent upon how pre- 
cise its resistor values are. The wider the range of values, the more 
difficult the matching becomes. Other characteristics such as tempera- 
ture tracking are also extremely difficult to control. Resistor values 
change with temperature, and different values of resistors change by 
different amounts. Therefore, over relatively wide temperature ranges, 
accuracy will decrease. 





The temperature tracking problem can be overcome to some extent if 
a thin film hybrid fabrication of the resistance network is used. Alterna- 
tively, monolithic construction of the resistors in the form of an inte- 
grated circuit will greatly improve temperature tracking. However, 
when such integrated techniques are used, it is simply impossible to 
obtain very wide ranges of resistor values. The upper limit is approxi- 
mately a 20 to 1 ratio in most integrated circuits, and since most D-to-A 
converters are in integrated circuit form today, obviously wide ranges 
of resistors values and weighted resistor arrangements are seldom used. 
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Another limitation of the basic weighted resistor circuit discussed earlier is the 
complexity and inaccuracy of the binary switch. These switches select either 
ground or a reference voltage, as indicated earlier. Because the transistor offsets 
cause errors, such circuits cannot be used in critical applications. Further, the ba- 
sic switch described is not exceptionally fast. To overcome this limitation, spe- 
cial high speed current switches have been developed. These current switches, 
along with improved and modified weighted resistor networks, permit larger, 
faster, and more accurate DACs to be constructed. 





Figure 10-8 shows a diagram of the modified weighted resistor DAC that over- 
comes the limitations mentioned above. This 12-bit DAC features three groups 
of binary weighted resistors. Each 4-bit group has identical values, 10 k, 20 k, 40 
k, and 80 k ohms. For this reason, only an 8 to 1 resistance ratio exists. This is 
manageable in both hybrid and monolithic fabrication. These resistors are used 
in conjunction with bipolar transistors, connected as current source switches des- 
ignated Q1 through Q12, in Figure 10-8. These current source switches are, in 
tum, driven by other current sources which form the buffering circuitry between 
the TTL digital input levels and the current switches. 
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Figure 10-8 





A 12-bit DAC using a modified weighted 
resistor network and current switches. 
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Now let’s take a look to see how the circuit actually functions. First, 
if you look back to Figure 10-6, you can see that the simple 4-bit 
weighted resistor DAC consists of an accurate reference voltage con- 
nected to the weighted binary resistors. The resistors are switched in 
and out by the electronic switches. The voltage reference source, in 
combination with each resistor, forms four current sources. Since the 
summing junction on the op amp is effectively ground, each resistor 
can be assumed to generate a constant current, equal to the reference 
voltage, divided by the resistor value. A current source is simply an 
electronic source with a fixed value of current. 





There are numerous ways in which electronic current sources are con- 
structed. One of these is shown in Figure 10-9. A fixed voltage of +5.7 
volts is applied to the base of the NPN transistor. The voltage is such 
that it will cause the emitter base junction to be forward biased. 
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A constant current source. 
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The voltage appearing across the emitter resistor is the base bias voltage 
+5.7 less the emitter base voltage drop of .7 volts plus the —5 volt 
emitter supply or +10 volts. The voltage across the emitter resistor 
divided by the value of the resistor gives us the emitter current; for 
this circuit, 1 mA. Recall that in most high gain transistors, the collector 
current is very nearly equal to the emitter current. The collector output, 
then, is a fixed 1 mA current source. By varying the size of the resistor, 
other values of current can be obtained. 


Refer back to Figure 10-8. Using this concept, four binary weighted 
current sources are constructed using NPN transistors, the binary 
weighted resistors, and an accurate voltage reference source. The output 
of these current sources are connected together and applied to the sum- 
ming junction of the op amp. The current source transistors can be 
turned off and on by the binary input signals. Therefore, the current 
contributed to the summing junction will be proportional to the binary 
input value. We will show in a minute how the current sources are 
turned off and on. 
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In Figure 10-8, three groups of the 4-bit weighted resistor networks 
are used to accommodate a 12-bit binary input word. With the same 
resistor values and reference voltages used in each of the three sets, 
each will contribute the same amount of current. In order to cause 
the least significant bits to have less binary weight than the more signifi- 
cant bits, additional resistors are added to the network. Note resistors 
R1 through R4. R1 and R2 form a voltage divider circuit that effectively 
provides 16 to 1 current attentuation for the second group of four 
sources. R3 and R4 provide another 16 to 1 current attenuation. With 
this arrangement, the proper weighting occurs. Additional groups of 
four can be added to expand the binary input word to 16 or 20 bits. 


If the resistor values R1 and R2, and R3 and R4, are selected for a 
10 to 1 current reduction, the circuit in Figure 10-8 can be used to 
accommodate BCD inputs. Then, each 4-bit BCD input would control 
one of the 4-bit weighted resistor groups. While BCD DACs are not 
as widely used as DACs, they do find applications in some special 
equipment. 
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Now refer to Figure 10-8 again. Let’s see how the binary input word 
is buffered by the current sources to switch the desired current source 
switches in and out. Consider the most significant input bit. This bit 
is applied to an inverter, which in turn drives a diode connected to 
the emitter of the current source. TTL input levels are assumed. PNP 
current source transistor Q13 is biased to the midrange of the typical 
TTL voltage level of approximately 1.4 volts. First, assume a binary 
1 input. The output of the inverter will then be binary 0. This will 
cause the cathode of the diode to be essentially at ground. The emitter 
of Q13 is approximately 2 volts; therefore, the diode is forward biased. 
The conducting diode effectively shunts emitter current away from 
Q13. Therefore, Q13 is cut off and has no effect on Q12. Q12 then 
conducts and causes current to be injected into the summing junction 
of the op amp. 


If the input is a binary 0, the output of the inverter would be about 
+3 volts. The diode would then be reverse biased. This causes current 
source Q13 to divert current flow away from current source Q12. There- 
fore, Q12 is cut off and supplies no current to the op amp summing 
junction. 
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A 12-bit DAC using a modified weighted 
resistor network and current switches. 
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R/2R Ladder DAC 


While the weighted resistor DAC is widely used, another resistor network 
is more commonly found in DACs. Known as the R/2R ladder, this resis- 
tor network overcomes the wide resistance range limitation normally asso- 
ciated with the weighted resistor network. Only two values of resistance 
are used, R and 2R. 


Figure 10-10A shows the basic R/2R ladder configuration. Like the other 
networks, the R/2R ladder generates an output current. This is usually con- 
verted into an output voltage with an op amp as shown. Binary controlled 
electronic switches connect each 2R resistor to either a reference voltage 
or ground. The result is a binary weighted current at the summing junction 
of the op amp. The output is proportional to the binary input. 


Another version of the R/2R network is shown in Figure 10-10B. Here the 
reference is applied to the network, and the electronic switches connect the 
2R resistor to either ground or the summing junction. This form of the R/ 
2R ladder is often referred to as the inverted R/2R. It is by far the most 
widely used of the two versions. The main advantage of this version is that 


the switches can be current operated, rather than voltage operated as in the 
first version. 
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R/2R network DACs. 
(A) standard (B) inverted 
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switched current sources. 


An alternative method of using the R/2R network is shown in Figure 10-11. Here 
the 2R values of the network are grounded. Equal value current sources are then 
connected to each node of the R/2R network. These current sources are then 
switched in and out of the ladder by the binary input signals. This arrangement 
of switching the current into the node of the network produces exactly the same 
effect as switching the 2R resistance values to either ground or a reference volt- 
age, or from ground to the summing junction. 


Current switches similar to those shown in Figure 10-8 are used to buffer the 
TTL input from the current sources. 


The reason for using this switching technique is that it is usually faster to switch 
a current than a voltage. Higher data conversion rates can thus be achieved. 
Further, current switching usually lends itself to integrated circuit construction 
better than do most voltage operated switches. 
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Typical DACs 





Virtually all DACs in use today are integrated circuits. A wide range of IC DACs 
are available. DACs with 6- to 20-bit input words can be obtained in a wide 
range of accuracies and conversion times. The most popular DAC sizes are 8, 10, 
12, and 16 bits. Advanced integrated circuit manufacturing techniques have al- 
lowed all DAC circuitry to be made on a single silicon chip. Such monolithic 
DACs contain the resistor network, logic switches, current switches, and refer- 
ence source; and in some cases the operational amplifier used to convert the cur- 
rent output into a voltage output. 


While full monolithic DACs serve a wide range of purposes, even higher quality 
DACs can be had with hybrid integrated circuit techniques. Hybrid techniques 
combine both monolithic circuitry with other types of integrated circuit tech- 
niques such as thin film. In hybrid DACs, thin film resistor networks are used 
instead of monolithic networks. Manufacturing a high precision resistor network 
with monolithic techniques is extremely difficult. However, with thin film tech- 
niques, high precision resistor values are more easily obtained. 


Thin film resistor networks are made of nickel-chrome, silicon-chrome, or some 
other similar alloy. This alloy is deposited on the IC substrate. The precisely 
controlled deposition techniques allow very precise resistor values to be ob- 
tained. These are further trimmed to exact value with a laser. The fine, high- 
intensity laser beam bums away selected portions of the thin film deposits to set 
the resistor values to their optimum value. At the present time, such precision 
cannot be obtained using monolithic techniques. 





While hybrid DACs are more accurate, they are also more expensive, because of 
the complexity of combining thin film and monolithic circuitry in the same 
package. Nevertheless, such precision is required for many applications. 


Now let’s take a look at a typical DAC. We have selected the Motorola MC- 
1406/7/8 series. This is a fully monolithic DAC available in 6-, 7-, and 8-bit 
resolutions. 
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Block diagram of MC1406L. 


Figure 10-12 shows a general block diagram of the 1406 DAC. An R/2R 
resistive ladder is used for the basic conversion. The reference current 
amplifier circuit furnishes current to the resistive network. Current 
switches, under the control of the binary input word, switch the current 
into and out of the various R/2R ladder legs. The resulting output is a bi- 
nary weighted current I o' The bias circuit generates the necessary bias 
voltages and currents for the current switches. An external op amp is nor- 
mally used to convert the current output into a voltage output. 





Figure 10-13 shows the detailed schematic diagram of the 1406 DAC. 
Note that the R/2R ladder is made up of 400 and 800 ohm monolithic 
resistors. The reference current amplifier circuitry injects a fixed current 
into the left-hand node of the R/2R ladder. The value of this current is set 
by an external reference voltage and resistance. This can be any value in 
the O to 2 mA range. 


The R/2R ladders network divides and scales this current into six binary 
weighted levels. The binary weighted current level from each 800 ohm 
resistor in the ladder network is switched to a common I_ current bus. 
Switching is accomplished by a bipolar switching circuit that is controlled 
by the binary input. The binary weighted output current is fed to the sum- 
ming junction of an op amp, which produces an output voltage propor- 
tional to the binary input. The op amp feedback resistor scales the output 
voltage to the desired level. 
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Figure 10-13 


Complete circuit schematic. 
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Figure 10-14 shows a simplifed block diagram of the 1406 DAC. This 
is the way you will see the DAC portrayed in schematic diagrams. There 
are a couple of important things to notice. First, the DAC is powered 


by two supplies, Vcc, a +5 volt supply, and Veg, a negative supply 
that is usually in the —5 to —15 volt range. 
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Figure 10-14 


Schematic diagram of a 1406 DAC 
showing input and output connections. 




















There are six binary inputs, A1 - A6, that are TTL compatible. However, 
they use negative logic, where +2 volts or more input is a binary 0 
and +.8 volt input or less is a binary 1. 


There are two reference inputs, one positive and one negative. The 
DAC current output will be positive with a negative reference input 
or negative with a positive reference input. In Figure 10-13, the positive 
reference is used. The reference current, I,, is set by the value of the 
reference voltage, V,, and the external resistor, R;. 


I, = VR: 


The reference current is in the 0 to 2 mA range. Setting the reference 
current sets the maximum I, current, which is 63/64 of the reference 
current. The unused negative reference input is connected to ground 
through a resistor value equal to R,. 


The DAC output I, is connected to the summing junction (SJ) of an 
external op amp. Almost any common IC op amp can be used. Its feed- 
back resistor Ry will scale the output voltage to the desired value. The 
output voltage will be Vo = Io xX Rf. Remember, the op amp inverts. 
Therefore, for a negative input current, the output voltage will be posi- 
tive as shown in Figure 10-14. 


You can compute the actual value of the output voltage using the for- 
mula shown at the bottom of Figure 10-14. 


Finally, the maximum conversion error is plus or minus .78%. The 
conversion speed, a function of circuit propagation delay and settling 
time, is in the 150 to 300 nanosecond range. 
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DAC Specifications and Error Sources 





There are certain characteristics that determine the quality of a digital- 
to-analog converter. The specifications that influence the quality of the 
circuit are: resolution, accuracy, linearity, monotonicity, and settling 
time. Let’s consider each of these specifications in more detail. 


RESOLUTION. 


Resolution refers to the number of discrete output voltage levels the 
DAC is capable of. This, in turn, is a function of the number of input 
bits. As an example, consider an 8-bit DAC. With eight bits, the DAC 
can resolve 2 to the 8th power, or 256 discrete output voltage levels. 
We usually say that an 8-bit DAC has a resolution of 1 part in 256. 


A 12-bit DAC has 2 to the 12th power, or 4096 discrete output voltage 
levels. The resolution of a 12-bit DAC, then, is 1 in 4096. Sometimes 
the resolution is expressed as a percentage. For example, the resolution 
of an 8-bit DAC would be 1/256 = .0039 or .39%. The resolution of 
a 12-bit DAC would be 1/4096 = .00024 or .024%. 


In terms of voltage steps, assume an input reference voltage of 10 volts. 
An 8-bit DAC then would have 256 equal output voltage segments of 
approximately 39 millivolts each. The 12-bit DAC with a 10 volt refer- 
ence would produce 4096 discrete output voltage levels between 0 and 
10 volts in 2.4 millivolt increments. 





You will also see resolution referred to in terms of parts per million 
(PPM). This method of measurement assumes that the output (zero to 
the reference voltage) is divided into one million parts. The resolution 
is expressed in number of millionth parts that make up the minimum 
incremental change produced by the LSB. The PPM value is obtained 
by multiplying the fractional expression of percentage by 1,000,000. 
For example, the 8-bit DAC has a resolution of 1/256, or .0039, as indi- 


cated earlier. Multiplying this by 1,000,000 gives a resolution of 3900 
PPM. 
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ACCURACY. 





Accuracy, or relative accuracy, is a measure of the deviation from an ideal theo- 
retical output, usually the full scale output current or voltage. This accuracy is 
usually expressed as a percentage and represents the error percentage rather than 
the accuracy percentage (actual value = accuracy + error). For example, the rela- 
tive accuracy of the popular 1406 6-bit monolithic DAC is .78%. This is the er- 
ror relative to the full-scale current output. 


It is important to note that different manufacturers express accuracy in different 
ways. It is desirable to refer to the manufacturer’s data sheet and application 
notes. Be sure that you fully understand their definition of accuracy. 


Consider the relative accuracy of a DAC with a rating of .3%. Given a 10-volt 
full scale output, the accuracy then would be 10 x 0.003 or 30 millivolts. What 
that really means is that the actual output will be within 30 millivolts of the ideal 
or true output. 


Note also that the accuracy figure should be less than the resolution expressed as 
a percentage. If the accuracy, or rather the error, figure is larger than the resolu- 
tion figure, then the least significant bit changes are essentially meaningless. 
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LINEARITY. 





Linearity, or linearity error, is the amount that the actual output of 
a DAC differs from an ideal straight line output. While the output from 
a DAC is in the form of discrete steps or increments of output voltage; 
theoretically, the output should be a perfect straight line from 0 volts 
to full scale output voltage if an infinite number of steps were used. 
Linearity is the error that exists between this theoretical straight line 
curve and the actual discrete output steps. The maximum allowable 
deviation from the straight line is less than one-half the magnitude 
of one theoretically perfect step. This is usually referred to as + or 
— one-half the LSB, or the error is + or — one-half the voltage resolu- 
tion of the least significant bit. See Figure 10-15. | 


The linearity of a DAC is primarily a function of the precision of the 
resistors in the network and the various voltage drops associated with 
the current switches. Unequal values of resistors or different switch 
offset voltages cause minor linearity errors. 
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Figure 10-15 


DAC linearity. 














MONOTONICITY. 


A DAC is said to be monotonic if its output increases or remains the 
same for an increasing binary input count. For example, if a DAC is 
connected to a binary counter which is incremented, the DAC output 
should increase by one step of resolution for each input count. If the 
output of the DAC misses a step or steps backward (drops in output) 
for an increment of binary count, the DAC is said to be nonmonotonic. 
These two cases are illustrated in Figure 10-16. 


Monotonicity, as you can see, is related to linearity. The lack of 


monotonicity can be caused by poor matching in the resistive network 
and excessive variations in the current switching networks. 


OUTPUT o5 DAC STEPPED BY A BINARY COUNTER 






MONOTONICITY 
ERROR 


(A) (B) 


Figure 10-16 


Monotonicity. 
(A) monotonic output; 
(B) non-monotonic output. 
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SETTLING TIME. 





Settling time is the specification that refers to the amount of time re- 
quired by the converter output to settle within a given range of output 
voltage after a binary input word change. As you might suspect, if a 
binary input change occurs, the current switches will switch selected 
network resistors in and out of the circuit. The resulting voltage and 
current changes will take time to settle down. The inductances and 
capacitances in the circuit will cause a certain amount of ringing or 
overshoot. 


Settling time is normally defined to be the period of time required 
for the DAC output to settle within + or — 1/2 LSB of the final value. 
Recall that the LSB value refers to the minimum increment of resolu- 
tion. Figure 10-17 shows settling time with reference to an output 
change. 


The settling time is, in effect, a measure of how fast a DAC can operate. 
You might say it is a measure of its conversion time. The settling time 
indicates how fast binary input changes can occur and still produce 
output voltages within the accuracy rating of the DAC. The propagation 
delay of the digital circuit also adversely affect conversion time. Typical 
modern DACs are extremely fast and have settling times in the 20 to 
900 nanoseconds range. 
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Settling time. 
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Multiplying DACs 


In our discussion of DACs we have always assumed that the magnitude 
of the reference voltage was fixed. Most DACs use a constant reference 
voltage, and the output range of the DAC is determined by the value 
of that reference voltage. However, there is no reason why a DAC can’t 
be constructed with a variable input reference voltage. The output of 
the DAC is directly proportional to the binary input value and the mag- 
nitude of the reference voltage. In fact, the output is the product of 
the reference voltage and the binary input. Because of this product 
relationship, DACs with variable references are usually referred to as 
multiplying DACs. You will also hear them referred to as hybrid multi- 
pliers, where hybrid in this case refers to the mix of analog and digital 
techniques. 


You will also hear multiplying DACs referred to as digital attenuators. 
The multiplying DAC acts like a digitally controlled potentiometer. An 
analog signal is applied to the DAC reference input. The binary input 
specifies an attenuation factor. With a 0 binary input, the output of 
the multiplying DAC or digital attentuator would be zero. With a full 
scale binary input (all binary 1’s), the output of the DAC would be 
the full reference voltage. Binary input values between zero and the 
maximum input value will produce intermediate levels of attenuation 
for the analog input signal. The binary input specifies an attenuation 
value between 0 and 1. 





The ability of the electronic switches associated with the resistive net- 
work determines whether or not the DAC can be used in a multiplying 
application. Most DAC switches are designed for a fixed polarity of 
reference voltage. While they may be used as a multiplying DAC, the 
analog or reference input voltage must be of the desired polarity. Such 
multiplying DACs are referred to as uni-polar devices. Uni-polar multi- 
plying DACs usually have bipolar transistor network switches. 


Bipolar analog input signals can still be accommodated by some multi- 
plying DACs. This means AC signals with both input polarities can 
be accommodated. Such DACs normally use field effect transistor 
switches, which can deal with either polarity signal. 
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Figure 10-18 shows the symbol used to represent a multiplying DAC 
(MDAC) and a bipolar application. Here the MDAC is stepped by a 
binary counter. The output is an attenuated but stepped amplitude ver- 


sion of the input. 
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Figure 10-18 


A multiplexing bipolar DAC. 
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Self Test Review 


1. Thethree main parts of a DAC are: 
a. 


C. 


2. The part (above) that actually performs the conversion is the 


3. The main disadvantage of the weighted resistor DAC network 


is its: 
a. slow settling time 
b. narrow resistor ranges 
c. size 
d. wide resistance ranges 


4. The output of most DACs is a: 


a. current 


b. voltage 
5.  Theopamp ina DAC is used for__._  _-_ to_____ conver- 
sion. 
6. |The DAC network with the narrowest resistor range is called the 
ladder. 


7. The three types of DAC switches are: 


a. 
b. 
C: 
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8. BCD inputs can be accommodated by using a/an 
DAC. 
9. The two types of IC DACs are_______ and 


10. Typical IC DACs are available in bit sizes of 
, and bits. 





' GEG) 





? 





? 








11. Express the resolution of a 10-bit DAC with a 10-volt reference 
in each of the following terms: 


% 
volts 
PPM 


12. If the output of a DAC that is stepped by a counter increases 
with each input step, the DAC is said to be 


13. The error between a DAC output and a theoretical straight line 
is a measure of the ________ and is expressed in terms of 





14. Conversion time is primarily a function of the 
and the___s—sOC |S Co ff a DAC. 


15. Another name for a digital attenuator is 














Answers 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


a. Resistor network 

b. Reference 

c. Electronic switches 

Resistor network 

d. wide resistance range 

a. current 

current to voltage 

R/2R 

a. mechanical 

b. voltage (either current or voltage) 
c. current 

improved weighted resistor network 
monolithic, hybrid 

6, 8, 10, 12, 16, 20 

.09765% 


.9765 millivolts/step 
976.5 PPM 


10 bits = 1024 parts 


monotonic 
linearity, 1/2 LSB voltage 
settling time, propagation delay 


multiplying DAC 
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EXPERIMENT 24 





Digital-To-Analog Conversion 


OBJECTIVES: To demonstrate the operation and application of 
a modern LSI digital-to-analog converter. 


Introduction 


In this experiment you are going to demonstrate the operation of an IC DAC. 
You will actually build a complete digital-to-analog converter using the 
Motorola 1408 DAC. Although you read about the 1406 DAC in Unit 10, the 
only significant difference between them is the number of inputs — the 1406 has 
6, and the 1408 has 8. Parallel binary inputs from various sources will be applied 
to the DAC which, in tum, converts the binary numbers into a proportional out- 
put current. An op amp is used to convert the DAC current output into an appro- 
priate voltage. The op amp feedback resistor is varied to scale the output to the 
desired level. 





Material Needed 


Heathkit Digital Design Experimenter 
Voltmeter capable of measuring 0 to 15 volts DC 
Oscilloscope 

1—MC1408 DAC IC (442-751) 
1—1458 Dual Op Amp IC (442-21) 
1—14495-1 LED Driver IC (443-1802) 
2—74LS193 TTLIC (443-815) 
1—7-Segment LED (411-885) 

1—5 k Potentiometer (Control) 

1—10 k Potentiometer (Control) 
4—47 k Resistor 

1—.1 uF Ceramic Capacitor 
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Procedure 





l. With the ET-3200 Trainer off, assemble the circuit shown in Figure 10-19. 
Install all of the circuit components as close to the right end of the bread- 
board as possible. You will be installing more components later in the ex- 
periment. Double-check all of your connections before you apply power. 


In this first portion of the experiment, you will be manually switching the 
binary inputs to the DAC. Due to the limits of the Trainer, we cannot pro- 
vide you with eight separate binary switches. Notice that in Figure 10-19, 
inputs D4 through D7 are tied low, and inputs DO through D3 are tied to 
logic switches SW1 through SW4. You’ll begin by setting the four logic 
switches high, and adjusting the feedback resistor of the op amp to an es- 
tablished voltage. Once this is accomplished, the op amp will step from 0 
volts to the established voltage in 15 steps—the highest count for the 
four logic switches. 


SW4 is the LSB for our binary input, and SW1 is our MSB. The LSB for 
any counter connects to input DO on the DAC, and the MSB — when 
there are 8 binary inputs—connects to D7. In this configuration, the 
MSB is located at input D3. 





0.1 UF 
LSB Sw4 7 pi +5V 
SW3 (A) V 
0-5k Q (V REF) 
owe (RREF) 
0-10kQ 
ce Swi 
47kO 


+12V 


2n.j8 
1 VOLTAGE 
L 3 4 OUTPUT 


= = -12V 





Figure 10-19 
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2. Place an ammeter in the position shown in Figure 10-19, and set all the 
data switches to the down position. 





3. Apply power to the circuit, and adjust the 5 kilohm control until the cur- 
rent through the ammeter reads 2 milliamps (2 mA). This sets the refer- 
ence voltage to its proper level. 


4. Once you have adjusted the current level, turn the power off and remove 
the ammeter from the circuit, replacing it with a jumper wire. 


5. Reapply power to the circuit and connect a DC voltmeter to the voltage 
output of the circuit (pin 1 of the 1458 op amp). Move all the data 
switches to the up position, and adjust the 10 kilohm control on the feed- 
back path of the op amp until the output reaches +6.0 volts. 


6. Move all the data switches to the down position, and verify that the output 
voltage is O volts. Answer the following questions: 


a. With the data switches in their down position, the decimal input is 0, 
and the output voltage is O volts. When all the data switches are in 
their up position, what is the binary and decimal input? 





Binary input = 
Decimal input = 


b. How many steps are required for the DAC to go from 0 volts to +6 
volts? 


steps 


c. Based upon your answer to b, the output voltage will increase by 
what amount for each step? 














7. Using Table I, step the data switches through all the binary inputs shown. 
For each binary input, write the equivalent decimal input and the output 
voltage value. Remember that SW4 is the LSB input, and SW1 is the 
MSB. 





8. Tum the Trainer off. Leave the circuit connected, as you will be using it in 
the next portion of the experiment. 


Discussion 


The circuit you constructed in this portion of the experiment is a complete DAC 
using the 1408 IC. The 1408 uses both +5 and —12 volt supply voltages, and a 
reference input current. In Step 3, you adjusted the 5 kilohm control to set the 
reference input current to 2 milliamps. This reference current determines the out- 
put current value. 
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The output current is fed to the inverting input of the 1458 op amp, which acts as 
a current-to-voltage converter. The feedback resistance is determined primarily 
by the 47 kilohm resistor, but we added the 10 kilohm control to allow you to ad- 
just the level of the output voltage. In Step 5, you set the binary input to 1111 
(the highest available binary input), and set the output voltage to +6 volts. You 
then ensured the output voltage dropped to O volts when the binary input was 
0000. 





Step 6 required you to determine the stepping voltage of the circuit. When the 
binary input is 1111, the decimal input is 15. It would therefore require 15 steps 
for the binary input to go from 0000 to 1111. A binary input of 0000 (decimal 0) 
causes an output voltage of O volts, and 15 steps later, a binary input of 1111 
(decimal 15) causes an output of +6 volts. Therefore, for each binary step, the 
output increases by: 


6 V 


TS steps = 0.4 V/step 


In Step 7, you verified that the output voltage stepped by 0.4 volts by measuring 
the output voltage for each binary input. As you completed Table I, you should 
have seen the output voltage increase from O volts to +6 volts in 0.4-volt 
increments. | 





When you manually switch the binary inputs, you can see the DAC work at its 
most primary level. However, we only used 4 of the possible 8 binary inputs, al- 
lowing the output to increase from 0 volts to our established voltage in only 15 
steps. In the next portion of the experiment, all 8 binary inputs will be tied to two 
counters, which will automatically switch the input. If this switching occurs at a 


high enough frequency, you will be able to see the ramp-like output typical of 
the DAC. 


Procedure (continued) 


9. With the Trainer still off, wire the circuit shown in Figure 10-20A. The 
circuit you wired in the previous steps will remain the same, except the 47 
kQ feedback resistor is replaced by a 1 kQ resistor. Also, you are sub- 
Stituting the 4 data switches with the two cascaded counters shown. As 
before, position all of the circuit components as close to the right end of 
the breadboard as possible. You will use this circuit, plus additional com- 
ponents, ir. 2 later experiment. 
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10. 


The two counters will provide the 8-bit binary input to the DAC circuit. 
Counter #1 provides the inputs for the four least significant bits of the 
DAC. Its binary count is also sent to a BCD-to-7-segment decoder/driver 
and a 7-segment LED. The carry signal from counter #1 (pin 12) is used as 
the clock input for counter #2. Counter #2 supplies the binary inputs for 
the four most significant bits of the DAC. By wiring the outputs of counter 
#2 to the four logic indicators on the Trainer, you can view the output for 
counter #2. 


To determine the binary input to the DAC, simply convert the 7-segment 
hexadecimal readout to binary for the four LSB inputs, and the logic in- 
dicators on the Trainer (L4 through L1) for the four MSB inputs. In Figure 
10-20B, the 7-segment display shows an "E," while L1 and L3 are lit. The 
"E" translates to a decimal 14, which is a binary 1110. Meanwhile, L4 
through L1 read right-to-left for their binary count. The result is the binary 
input 10101110. (Which is, by the way, a decimal count of 174.) To make 
things simpler, you could remember that for every sixteen counts of 
counter #1 (displayed by the 7-segment LED), counter #2 counts once. 


The overall count for these cascaded circuits is 28, or 256. Actually, since 
one of these counts recycles the counter to zero, there are 255 incremented 
steps. 


You will begin by connecting the clock input to counter #1 to logic switch 
A, as shown in Figure 10-20A. Later, you will be moving this input to the 
CLOCK connector on the Trainer. It is important that the counters be 
locked to their reset condition while you are moving the clock input. No- 
tice that the reset input for both counters (pin 14) is tied to data switch #1. 
If the data switch is kept low, the counters will count normally. However, 
if SW1 is set high, the counters will lock to a low output. You will set 
SW1 high anytime you move the clock input, and then return the switch to 
its Original position. 


To begin, data SW1 should be high, and the CLOCK input should be con- 
nected to logic switch A. 




















11. 


12. 


13. 


14. 


15. 


Apply power to the circuit, and adjust the 5 kilohm control until the cur- 
rent through the ammeter reads 2 milliamps (2 mA). Once this is com- 
pleted, turn the power off and remove the ammeter from the circuit, 
replacing it with a jumper wire. 


Reapply power to the circuit and connect a DC voltmeter to the voltage 
output of the circuit (pin 1 of the 1458 op amp). 


Move data SWI to its low position. Toggle logic switch A until L3 is lit 
(all others off), and the 7-segment LED reads "8." 


Adjust the 10 kilohm control on the feedback path of the op amp until the 
output voltage equals +1.60 volts. Answer the following questions: 


a. What is the present binary input to the DAC? 


b. What is the decimal input? 


c. If you adjusted the output voltage to +1.60 volts for this binary and 
decimal input, by what amount would the output voltage change in a 
single step? 

V 

Set data SW1 high (resetting the counters), then low again. Toggle logic 

switch A a random number of times, and note the amount of voltage 

change for each step. Record your measurement below: 


Voltage change-per-step = V 


Is this voltage equal to your answer for Question "c" back in Step 14? 


(yes/no) 
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16. 


17. 


18. 


19. 


20. 


Set data SW1 high, and move the clock input from logic switch A to the 
CLOCK connector on your Trainer. Set the CLOCK frequency to 1 Hz. 


Move data SW1 back to a low. The cascaded counters are now switching 
at a rate of 1 Hz, or one count-per-second. 


The counters will reach a binary output of 11111111 when all four logic 
indicators are lit, and the 7-segment LED displays an "F". (It will take 
4:15 to reach this point.) When this point 1s reached, record the output 
voltage below. Be sure to read this voltage quickly; it will remain for only 
one second, then the counters will cycle down to a binary output of 
00000000. 

Output voltage (binary 11111111)= V 


Divide this voltage by 255 (the total number of steps) and record your re- 
sult below: 


V 


Is this voltage approximately equal to the original step voltage you calcu- 
lated in Step 14? 


(yes/no) 
Set data SW1 high, and increase the frequency of the CLOCK generator 
from 1 Hz to 100 kHz. Remove your voltmeter from the circuit and con- 
nect your oscilloscope to the output (pin 1 of the op amp). 
Answer the following questions: 
a. What is the voltage at the highest point on the waveform? 


V 


b. Is this value approximately equal to the value you measured in Step 
18? 


(yes/no) 
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21. Calculate the frequency of the output waveform: 
Output = kHz 


Is this frequency higher, lower, or equal to the frequency of the CLOCK 
generator? 


(higher/lower/equal to) 


Explain your answer: 


22. Tum all equipment off, but leave the circuit connected. This circuit will be 
used in the Expenment 25. 


Discussion 





Steps 10 through 22 allowed you to view a DAC circuit in a more typical ap- 
plication. After wiring the circuit, you began by setting your input reference cur- 
rent, just aS you did for the previous circuit. 


Once the input reference current was set, you then had to adjust the output volt- 
age to a set amount. In the previous circuit, you made this adjustment when the 
binary input was 1111, or after 15 steps. Adjusting the output voltage with an 
all-high input would be impractical for this circuit, however, because you would 
have to apply 255 clock pulses to reach an all-high input. 


Another method you could have used to set your output voltage is to adjust the 
output with a binary input of 00000001, or after only one clock pulse. This 
would also be impractical, though. Remember, the circuit must go from 0 volts 
to approximately +12 volts in 255 steps. The voltage change for a single step 
would therefore be very small; too small for an accurate adjustment. 
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In Step 13, you adjusted the output voltage to +1.60 volts, after setting the binary 
inputs to the point where L3 was lit, and the 7-segment LED read "8". The bi- 
nary equivalent to this input is 00101000, and its decimal equivalent is 40. 


We can determine the amount of voltage change for each step with this informa- 
tion. First, we know we are using up-counters. Second, since the decimal input 
was 40, we know that the counter was pulsed 40 times, which also means that the 
DAC stepped 40 times. Third, we know that the output voltage after 40 steps is 
1.60 volts. So the amount of voltage change for each step is equal to: 


1.60 V 


40 steps = 0.04 V/step 


You verified this value in Step 15, by randomly toggling logic switch A. You 
Should have seen that for each toggle of logic switch A, the output voltage of the 
Circuit increased by +0.04 volts. 


The CLOCK generator of the Trainer was used for Steps 16 through 22. Starting 
with the 1 Hz setting in Step 18, you recorded the output voltage when the binary 
input was all high. Your value should have been very close to +10.22 volts. If 
your voltage was slightly different, remember that we are dealing with a step 
change of less than one-tenth of a volt— what you would have seen as +1.60 
volts when you adjusted the output voltage could have easily been +1.605, which 
would throw off the stepping voltage, and the output in Step 18. When you di- 
vided your high voltage by 255, you probably reached a value very close to, but 
not exactly, 0.04 volts. 





You then increased the frequency of the CLOCK generator to 100 kilohertz, and 
viewed the output with your scope. The highest voltage of the waveform should 
be very close to — if not equal to — the voltage you measured in Step 18. 


Finally, you calculated the frequency of the output waveform, which should have 
been approximately 392 hertz. Although the clock frequency is 100 kilohertz, 
you still need 256 clock pulses to cycle the DAC from 0 volts back to 0 volts. 
Therefore, the frequency of the output waveform is 100 kHz divided by 256, or 
approximately 392 hertz. 














ANALOG-TO-DIGITAL CONVERSION 


The process of converting an analog voltage level into a binary number 
is known as analog-to-digital conversion. You will also hear the term 
“digitize” used in referring to the process of converting an analog input 
into a binary output number. The device that performs that function 
is called an analog-to-digital converter (ADC). A typical ADC has a 
single analog input and a multibit binary output. Depending upon the 


desired resolution of conversion, ADCs are available from 4 to 20 output 


bits. See Figure 10-21, which shows a general block diagram of an ADC. 


A wide variety of different circuits have been devised to perform 
analog-to-digital conversion. Only a few of these techniques have found 
wide applications in electronics. Here, we discuss the most common 
methods of analog-to-digital conversion. Keep in mind that most of 
these devices are available as single integrated circuits. Like DACs, 
you can almost think of an ADC as a component and a simple building 
block of a more complex system. 
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Figure 10-21 


Simplified block diagram of an 
analog-to-digital converter. 
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Comparators 


Before we discuss the more common forms of ADC, it is important 
to consider one of the key elements in almost all ADC methods, the 
comparator. A comparator is a linear or analog circuit that compares 
two analog inputs and generates a single binary output. 


Figure 10-22A shows a simplified symbol for a comparator. Note that 
it has two inputs and a single output. One input is designated the 
reference, and a reference voltage is usually applied to it. The input 
voltage is then compared to that reference. Any desired analog signal 
can be applied to this input. The comparator circuit looks at the two 
inputs and generates either a binary 1 or binary 0 output, based on 
the relative magnitudes of the inputs. For example, if the input voltage 
is below the reference value, the comparator output is binary 0. If the 
input voltage is higher than the reference voltage, the output will be 
binary 1. The simple diagram in Figure 10-22B shows the transfer func- 
tion of the comparator. Note that the comparator switches at the point 
where the input and reference are equal. 


Most comparators are very high gain differential amplifiers. They have 
a high input impedance to the analog input signal. Their output is 
usually limited or clamped to a standard binary (TTL) output level. 
Standard integrated circuit comparators are available. 
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Figure 10-22 


(A) Comparator symbol. 
(B) Comparator transfer function. 
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A common integrated circuit op amp can also be used as a comparator. 
No feedback is used on the op amp (open loop configuration), allowing 
the amplifier to operate at its highest possible gain. The differential 
inputs of the op amp can be used for the reference and input signals, 
as shown in Figure 10-23A. Assume a +6 volt reference input. If the 
input is less than +6 volts, the output will be —.7 volts, the forward 
biased drop across the zener. When the input first equals and then 
exceeds +6 volts, the comparator switches. The output at this time 
is +4.7 volts, the zener’s reverse voltage. 





An alternate method of applying inputs to the op amp used as a conver- 
ter is shown in Figure 10-23B. Here, input currents are compared in- 
stead of voltages. The input voltages are converted to currents by the 
resistors at the input (SJ) of the op amp. Note that a zener diode is 
used in the feedback path to clamp the amplifier output to approxi- 
mately the standard TTL levels of 4.7 and —.7 volts. 


The operation of the comparator is extremely simple. When the input 
voltage is below the reference value, the output is binary 0. When the 
input voltage is above the reference voltage, the output is binary 1. 
When the two inputs are equal, the converter switches. Because of the 
very high gain of the amplifier circuit, only a tiny voltage difference 
between the two will cause the comparator to switch from one state 
to the other. The smaller the voltage difference that causes switching, 
the better and more accurate the comparator. This voltage difference 
is referred to as the input offset voltage and is a measure of a com- 
parator’s sensitivity. 
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Figure 10-23 


Using an op amp as a comparator. 
(A) Differential inputs. 
(B) Current inputs. 
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Counter-Ramp Feedback ADC 





One of the simplest forms of ADC is the counter-ramp feedback circuit 
shown in Figure 10-24. The circuit consists of a binary counter, a DAC, 
a comparator, and some logic circuitry. 


The analog signal to be converted into a binary value is applied to 
one input of the comparator. The other input to the comparator accepts 
the output from the DAC. The binary counter drives the DAC. The 
counter is incremented by a clock signal passed through NAND gate 
1. Note that the output of the comparator also controls the NAND gate. 
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Figure 10-24 


Counter-ramp feedback method 
of A to Dconversion. 
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CYCLE OF OPERATION 


With the analog signal applied to the input, a reset pulse is applied to the binary 
counter. This start pulse resets the 8-bit binary counter so that it begins counting 
from 0. 


With the binary counter at 0, the DAC output will also be 0. At this ame, the 
analog input signal is greater than the DAC output. Therefore, the comparator 
Output is a binary 1 and the NAND gate is enabled, allowing the clock pulses to 
increment the binary counter. 


As the binary counter is incremented, the DAC generates a stair-step output volt- 

age. As soon as the DAC output equals or surpasses the analog input signal level, 
the comparator output will switch to binary 0, thus, inhibiting the clock pulses. 
At this time, the conversion halts and the binary counter output is the digital 
equivalent of the analog input. The binary output value is proportional to the 
analog input signal, depending upon the reference voltage applied to the DAC 
and the op amp scaling factor. 


There are several important things to point out about this particular type of ADC. - 
The most important is that the conversion time is proportional to the analog input 
value. The higher the analog input value, the longer the counter is incremented 
until the DAC output rises to meet the analog input. Small input voltages pro- 
duce short conversion times, while high input voltages produce long conversion 
times. See Figure 10-25. 





Conversion time also depends on the clock frequency. The higher the clock fre- 
quency, the faster the conversion. Finally, the number of bits in the counter af- 
fects the conversion time. The maximum conversion time is 2N_} (N = number 
of bits) multiplied by the clock period. 


Further, since conversion time depends on the amplitude of the analog input, 
conversion times are unequal for different input values. This is sometimes a dis- 
advantage. It is more desirable to have a fixed conversion time regardless of the 
analog input value. 
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Figure 10-25 


Operation of a counter feedback ADC 
showing conversion time. 
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Successive Approximations Converter 





An improved version of the counter-ramp feedback converter is known as the 
successive approximations converter. This form of ADC is significantly faster 
than the counter-ramp method and is by far the most popular form of ADC. Fig- 
ure 10-26 shows a general block diagram of a successive approximations con- 
verter. Like the counter-ramp circuit, the circuit contains a DAC and a com- 
parator. Instead of a binary up-counter driving the DAC, a special successive ap- 
proximations register (SAR) is used. This special sequential circuit contains flip 
flops and other logic that supply a special sequence of binary numbers to the 
DAC. A clock pulse steps the flip flops in a unique sequence. 
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Figure 10-26 





Successive approximation ADC. 
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Figure 10-27 shows the sequence of binary numbers applied to the 
DAC when a conversion is initiated. These are the various decisions 
which are made by the comparator as the bits in the SAR change. For 
simplicity in this example, a 4-bit SAR and DAC are assumed. 





When a conversion is initiated, the 4-bit SAR is initially set to 0. Im- 
mediately, the most significant bit is set. The MSB causes the DAC 
output to be one-half of the input reference voltage. This is applied 
to the comparator along with the analog input. If the analog input is 
less than the DAC output, the most significant bit is turned off and 
the next most significant bit is turned on. If the analog input voltage 
is above the DAC output, the MSB remains set and the next most signifi- 
cant bit is set. Again, the comparator looks at the input signal, the 
DAC output, and generates an output that tells the relationship of the 
two. The bits in the SAR are continually set and reset, from MSB to 
LSB, depending upon the comparator output. After each comparison, 
the next most significant bit is set or reset. This process continues until 
the final binary output is developed. 
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Figure 10-27 


Possible number sequences of a 4-bit 





successive approximations ADC. 
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Figure 10-28 


DAC output in successive 
approximation ADC. 


Assume a 13 volt input to a 4-bit ADC. Figure 10-28 shows the DAC 
output as each comparison decision is made. When the conversion be- 
gins, the MSB is turned on, generating an 8 volt output. This is less 
than 13, so the comparator output signals the SAR to set the next bit. 
The next most significant bit is set and the output 12 occurs. Again, 
this is less than the input, so the next most significant bit is set, making 
the output 14. The DAC output is now greater than the input, and 
the SAR turns off the last bit set and turns on the LSB. This makes 
the DAC output equal to the input and the conversion is complete. 
Note this path on Figure 10-27. 


The primary advantage of the successive approximation conversion 
technique is its high speed. Remember, the counter-ramp converter’s 
conversion speed was proportional to the number of output bits. The 
conversion time in a successive approximation ADC is N times the 
clock period. Only N comparisons (N = number of bits) or decisions 
are required for each conversion. Conversion times of less than 2 micro- 
seconds for word lengths up to 16 bits are possible with modern IC 
ADCs of this type. 


Data Conversion 


10-59 


10-60 | unit TEN 


Flash Converters 


One of the simplest and most direct methods of analog-to-digital con- 
version is accomplished by the flash converter. Also known as the 
parallel or simultaneous method of A-to-D conversion, this method is 
the fastest of all A-to-D conversion processes. 


The principle operation of a flash converter is to compare the analog 
input signal to be digitized simultaneously to successively smaller, 
equally spaced increments of a reference voltage. The outputs of the 
comparators used in this process will then indicate the voltage level 
of the analog input. The comparator outputs are then converted into 
a binary code proportional to the analog input value. The speed of 
conversion is limited only by the switching speed of the comparators 
and the relatively short propagation delay of the logic network used 
to generate the binary code. Conversion times of only a few 
nanoseconds are possible with flash conversion. 
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Figure 10-29 
A flash converter. 


To illustrate this concept, consider the simple two-bit flash converter 
shown in Figure 10-29. The number of bits refers to the size of the 
parallel binary output word. This, of course, indicates the resolution 
of the conversion. With two bits, it is possible to define four possible 
states represented by the binary codes: 00, 01, 10, and 11. This means 
that the resolution is effectively 1 in 4. 


To achieve this resolution, three comparators are used. The analog 
input signal is applied simultaneously to one input of each comparator. 
The other input to each comparator is derived from a voltage divider 
network driven by a precision reference voltage. Note that the voltage 
divider supplies voltages of 1, 2, and 3 volts to the comparators. Assume 





kd a 
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that the analog input voltage will vary over the zero to 4 volt range. 
Further assume that when the analog input voltage is less than the 
voltage applied to the other comparator input, the comparator output 
will be binary 0. When the analog input voltage exceeds the reference 
voltage at the converter input, the comparator will generate a binary 
1 output. With this arrangement you can see in Figure 10-29 the binary 
state of each comparator with any input voltage. 





The comparator output voltages are then fed to a combinational logic 
network to perform the function of a code converter. It converts the 
comparator outputs into a two-bit binary number that indicates the 
value of the analog input. You can check this relationship for yourself 
by assuming some value of analog input voltage between 0 and 4 volts, 


and then determining the comparator outputs and the resulting binary 
output. 


The problem with this simple two-bit converter is that its resolution 
is low. It does not provide a precise binary representation of the analog 
input. For example, a 2.5 volt input would simply be indicated by 
a 10 (2) output. The binary output is certainly a close approximation 
of the analog input, but for most applications higher resolution is re- 
quired. This is accomplished by using a greater number of input com- 
parators. The number of input comparators (C) required to achieve N 
bit resolution is expressed by the equation below. 





C=2N-1 


For example, to achieve a 4 bit or 1-in-16 resolution, 15 comparators 
are required. Six-bit resolution is achieved with 63 comparators. This 
is a considerable amount of circuitry, and the resulting combinational 
code conversion network becomes increasingly complex. The problem 
becomes even more difficult when you attempt to integrate all of this 
circuitry on a single silicon chip. Nevertheless, fully integrated flash 
converter ICs are available. Four- and six-bit devices are commonly 
available. Eight-bit resolution flash A-to-D converters have been built 
in integrated circuit form. With 255 comparators and a highly complex 
binary conversion network, they represent the state-of-the-art in com- 
bined linear-digital integrated circuitry. Conversion speeds of less than 
10 nanoseconds are achievable with such devices. 


Flash A-to-D converters are used in applications requiring the digitizing 
of very high frequency analog signals. A common application is in di- 
gitizing video signals into binary numbers that can be processed by 
digital computers. 
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Dual Slope ADC 


The dual slope method of analog-to-digital conversion is one of the 
most accurate methods available. Because of its high accuracy, this 
method is widely used in instrumentation where precision measure- 
ments of analog signals is the primary application. 


The dual slope method is based on the principle of converting an un- 
known analog input voltage to a time interval that can be measured. 
with a digital counter. A general block diagram of a dual slope converter 
is shown in Figure 10-30. The key circuits are an integrator, a com- 
parator, and a binary or BCD counter. In most applications, a BCD 


counter is used with direct decimal readout on seven segment LED 
or LCD displays. 
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Figure 10-30 


Dual slope ADC. 
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Note in Figure 10-30 that the input to the integrator can be switched 
between two separate sources, the unknown analog input voltage, and 
a precision reference voltage. The principle of this converter is to allow 
the integrator to integrate the unknown input voltage for a fixed period 
of time. At the end of that time period, the output voltage of the integra- 
tor is a function of the unknown input voltage. The integrator input 
is then switched to the precision reference voltage. The integrator inte- 
grates this voltage until the output of the integrator is zero. During 
this time period, a known clock increments the counter until the inte- 
grator output is zero. The time that it takes for the integrator to reach 
zero depends upon the value of the reference voltage and the output 
voltage of the integrator which, in turn, was determined by the value 
of the unknown input. That time interval is proportional to the value 
of the unknown input voltage. 


In order for you to understand the operation of this circuit, it is impor- 
tant that you understand how an integrator works. The integrator in 
this application.is an op amp with an input resistor and a feedback 
capacitor. The output of the integrator is the time integral of the input 
voltage. To understand the operation of the circuit, it is not necessary 
to go into the complex mathematical realtionships involved. It is simply 
necessary to know that the output of the integrator is simply a ramp, 
or sawtooth, when the input is a DC voltage. For example, with a posi- 
tive DC input voltage, the feedback capacitor is charged by a constant 
current equal to the value of the input voltage divided by the input 
resistance. This constant current charges the capacitor linearly. The 
integrator output, therefore, is a negative-going ramp. The rate of rise 
of the ramp depends upon the RC time constant of the integrator resistor 
and capacitor as well as the value of the input voltage. The integrator 
output voltage (Vint) can be expressed by the simple equation below. 
Vint = —(Vin < T1)/RC 


T1 = The fixed time period that the integrator is allowed to change 
to the input reference voltage. 


As you can see, the integrator output is proportional to the value of 
the input voltage and inversely proportional to the RC time constant. 
The output voltage continues to rise in a straight line as long as the 
constant input voltage is applied. 


One last point to note is that the integrator is an inverter. If the input 
voltage is positive, the output voltage is negative. And vice versa. A 
positive-going voltage produces a negative-going output, while a nega- 
tive-going input produces a positive-going output. Now with this infor- 
mation in mind, let’s describe the dual slope method in more detail. 
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A conversion cycle begins when the control logic circuit resets the 
counter and discharges the integrator capacitor with a FET switch. The 
integrator output is zero and the input of the integrator is simulta- 
neously switched to the unknown analog input voltage to be digitized. 
The input switching is accomplished by FET switches (not shown). 
This causes the comparator output to enable the AND gate so that 1 
MHz clock pulses are applied to the counter. 


While the clock pulses begin incrementing the counter, the integrator 
begins to linearly charge its feedback capacitor at a rate dependent 
upon the value of the analog input signal. The counter continues to 
count until its maximum count value is reached. At this time, one 
additional clock pulse will recycle the counter to zero. For a three-digit 
counter, the counter counts from 0 through 999. This represents 1000 
counts, or 1000 input clock pulses. When the counter recycles to zero, 
the zero state is detected by the control logic. This switches the integra- 
tor input from the unknown analog input voltage to the precision refer- 
ence voltage. The polarity of the reference voltage is always opposite 
that of the polarity of the input signal. This means that, with a positive 
input, a negative reference voltage will now cause the integrator output 
to go in a positive direction. 


Up to this point, what we have done is to allow the unknown analog 
signal to generate an output ramp voltage for a fixed period of time. 
That period of time is designated T1 and is equal to the maximum 
count capability of the counter multiplied by the period of the clock 
pulses. In this case, with clock pulses occurring every 1 microsecond 
and a count capability of 1000, we have allowed the integrator to inte- 
grate the input voltage for a period of 1 millisecond. At the end of 
this period of time, the output voltage of the integrator is proportional 
to the unknown analog input voltage. Figure 10-31 shows the negative 
ramp voltage generated by the positive unknown input signal during 
T1. 
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Figure 10-31 


Integrator output in a 
dual slope ADC. 
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The integrator now begins to integrate the negative reference voltage. 
For that reason, the integrator output begins to move in a positive direc- 
tion. The counter begins counting up. When the integrator output pas- 
ses through zero, the comparator output switches from binary 1 to bi- 
nary 0. Note that with one input to the comparator at ground, the com- 
parator will switch from one state to another when its input is above 
or below zero volts. When the comparator output goes to binary 0, 
it inhibits the AND gate and stops the clock pulses from reaching the 
counter. At this time, the number in the counter is proportional to 
the unknown analog input voltage. With everything properly adjusted, 
the display connected to the counter will show the actual value of 
the unknown input voltage. 


During the time that the integrator integrates the reference voltage, the 
output is: 


Vint = (Vref X T2)/RC 


Here, T2 is the time it takes for the reference voltage to discharge the 
feedback capacitor from the maximum value obtained by integrating 
the input. This is expressed mathematically as (Vin xX T1)/RC — (Vef 
x T2)/RC. Reducing this algebraically gives 

Vin = Vref x T2/T1 





The unknown analog input Vin is expressed as the ratio of T2/T1 times 
the reference voltage. 


To summarize, what the conversion cycle accomplished was to inte- 
grate an unknown input voltage for a fixed period of time. The output 
of the integrator at the end of that period of time was a function of 
the unknown input voltage. The integrator was then switched so that 
it integrated a known reference voltage. The time it took and the number 
of counts required for the integrator output to return to zero was directly 
proportional to the input voltage. By properly sizing the reference volt- 
age, the BCD number stored in the counter was equal to the unknown 
input voltage. 
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The dual slope method of analog-to-digital conversion has some very 
important advantages over other methods. First, is its accuracy. The 
accuracy of the measurement of the dual slope converter is primarily 
dependent upon the quality of the reference voltage. Virtually none 
of the other characteristics of the circuit have any degree of influence 
over the accuracy. This includes the absolute value and temperature 
stability of the integrator RC time constant, the clock frequency, or 
the comparator switching speed. Even if the clock frequency and RC 
values change over the long term, this does not affect the measurment 
accuracy. The accuracy is dependent upon the stability of those values 
during the period of integration. As you have seen, this is only several 
milliseconds in length and, therefore, little change can take place over 
- ashort period of time. 


Another advantage of this circuit is its inherent noise rejection. Since 
the integrator is essentially a low-pass filter, it has the effect of removing 
any high frequency variations or short noise bursts that might be present 
at the input. Low cost is another major advantage of this circuit. The 
circuitry is basically noncritical and, therefore, standard components 
can be used to implement it. Today, however, entire dual slope conver- 
ters are available on a single IC chip. 3 


The main disadvantage of the dual slope method is its slow conversion 
time. Because it must integrate the input voltage and the reference volt- 
age, typical conversion times are in the 1 millisecond to 1 second range. 
A total conversion time of 10 to 100 milliseconds is typical for most 
units. This is many orders of magnitude slower than the previously 
discussed methods of conversion. Nevertheless, despite the slow speed, 
it is fast enough for many applications. 





The primary application for dual slope converters is in digital multi- 
meters. These widely used instruments are capable of measuring un- 
known voltages and conveniently displaying them in decimal form on 
their readouts. Additional input circuitry allows both AC and DC volt- 
ages and currents as well as resistance to be measured. 
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Voltage-to-Frequency Conversion 





One of the lowest cost forms of analog-to-digital conversion is a tech- 
nique referred to as voltage-to-frequency (V-to-F) conversion. This is 
a process where a DC voltage or varying analog signal is converted 
into a repetitive pulse train. The output is a series of fixed width digital 
pulses whose repetition rate (frequency) varies in proportion to the 
input voltage. For a low input voltage, a low output frequency is pro- 
duced. As the input voltage increases, the pulse repetition rate increases 
proportionally. 


One method of implementing a V-to-F converter is shown in Figure 
10-32. Notice that the input is a DC voltage which is applied to an 
op amp integrator. The output of the integrator is applied to one input 
of a comparator whose reference input is a fixed DC voltage. The com- 
parator drives a bipolar transistor switch connected across the inte- 
grator capacitor. This serves to discharge the capacitor when the inte- 
grator output equals the reference voltage level. The comparator also 
drives a one-shot multivibrator, which generates fixed amplitude con- 
stant duration digital output pulses. 
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Figure 10-32 


A voltage-to-frequency converter. 
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Figure 10-33 


Operating waveforms of a 
voltage-to-frequency converter. 


The waveforms in Figure 10-33 show how the V-to-F converter works. 
With a fixed DC input voltage, the integrator capacitor charges at a 
linear rate, generating a linear output voltage ramp. When the output 
voltage equals and then exceeds the value of the comparator reference 
voltage, the comparator triggers and turns on Q1, which discharges 
the integrator capacitor. The comparator also triggers the one shot, 
which generates an output pulse. When Q1 discharges the integrator 
capacitor, the integrator output drops below the level where the com- 
parator triggers and the cycle repeats itself. 





The higher the input voltage of the circuit, the faster the capacitor 
charges. As the rate of charging increases, the comparator threshhold 
voltage is reached more quickly; therefore, the one-shot is triggered 
more often. Increasing the voltage increases the rate of charge and the 
frequency with which the one-shot output pulses are generated. As 
you can see, the one-shot output is a series of pulses whose repetition 
rate is proportional to the input voltage. 


In most applications, the output of a V-to-F converter is not as conve- 
nient to use as is the parallel digital output of other ADCs. As a result, 
additional circuitry is usually employed to convert the varying fre- 
quency output pulse train of the V-to-F converter into a parallel binary 
word. This is done with a simple counter circuit. The counter circuit 
is used to measure the frequency of the output pulses and display it 
as a binary number. This is done by counting the number of output 
pulses that occur over a fixed interval of time. 
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Figure 10-34 


Converting the V-to-F output 
into a parallel binary word. 


A circuit for doing this is shown in Figure 10-34. Here a precision 
timing circuit generates a fixed duration pulse one second wide. This 
is applied to one input of the AND gate. The output of the voltage-to- 
frequency converter is applied to the other input of the AND gate. The 
counter is first reset. Then, during the one second interval the AND 
gate is enabled, the counter is incremented by the V-to-F converter 
output pulses. Counting the number of pulses that occur in one second 
is the process of measuring the frequency. The binary number contained 
in the counter represents the frequency in pulses or cycles per second. 
If the counter has eight bits and at the end of one second the counter 


contains the number 175, the output frequency of the V-to-F converter 
is 175 Hz. 


The voltage-to-frequency converter is used in digital multimeters and 
digital panel meters. It is also used in instrumentation systems where 
various analog quantities must be measured and transmitted to be 
stored or displayed in some remote site. Transducers for measuring 
light, temperature, pressure, and other physical quantities are designed 
to generate linear output voltages. These can be applied to V-to-F con- 
verters in order to translate the analog quantity into a digital signal. 
Pulses from the V-to-F converter are then transmitted over a transmis- 
sion line and reconstructed at the remote site, where their frequency 
is measured with a counter arrangement like that described earlier. 


While V-to-F converters are the simplest and lowest cost form of A-to-D 
conversion, they are also the slowest form of ADC. Conversion times 
from 50 milliseconds to as long as several seconds are typical for such 
devices. However, in the applications where these converters are nor- 
mally used, this slow conversion time is not a disadvantage. 
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ADC Specifications 


Like DACs, ADCs have specifications that indicate the performance 
level or quality of the converter. The previously covered DAC specifica- 
tions, such as resolution and linearity, also apply to the ADC. However, 
there are some additional ADC specifications which are important. 
These are quantizing error, aperture error, and conversion time. 


QUANTIZING ERROR 


All ADCs have quantizing error. This is the error that occurs because 
ADC divides the analog input signal range into a number of discrete 
voltage increments. Because of this, quantizing error is directly related 
to resolution. Resolution, in turn, is dependent upon the number of 
bits in the digital output word. With an 8-bit word, the ADC divides 
the maximum input signal range into 256 descrete levels. As a result, 
the ADC cannot recognize input voltage level changes that are less than 
the voltage change produced by the LSB. For example, with an 8-bit 
data word and a 10 volt reference, the minimum voltage increment 
or step is 39 millivolts. This ADC can not recognize input voltage 
changes less than this value. 





Since quantizing error results from limitations in resolution, it is usu- 
ally specified as a fraction of an LSB change or a percentage. When 
expressed as a percentage, quantizing error is usually. referenced to 
the full scale voltage input. An ADCs basic quantizing error, then, is 
one LSB voltage change and it cannot be reduced for a given converter. 
The LSB change is usually expressed as + or — 1/2 LSB. 
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APERTURE ERROR 





Aperture error is the voltage change that occurs in an analog signal 
that varies during the conversion period. Since it takes a finite period 
of time for an ADC to develop a digital output for a given input voltage, 
it is possible that the analog signal could change in that period of time. 
If the change is more rapid than the conversion of time, a considerable 
conversion error can exist. This is referred to as aperture error. 


For most applications where the input is a DC voltage or a slowly vary- 
ing AC signal, the aperture error is negligible. But when high speed 
analog input signals are used, whose frequency or changes are of the 
same order of magnitude as the conversion time, aperture errors can 
be considerable. In the next section we will show a method that virtu- 
ally elminates aperture errors. 


CONVERSION TIME 


Conversion time is the interval required for an ADC to change the 
analog signal into a digital output. As you saw with the various types 
of ADCs, it takes a finite period of time to perform this conversion: 
Counter-ramp and dual ramp converters have relatively long conversion 
times. Successive approximation converters are faster. Flash converters 
are the fastest, but even they require a certain amount of time for the 
conversion to take place. The conversion time is typically expressed 
in fractions of a second. For the flash converter, conversion times are 
in the nanosecond region. Successive approximation converters can 
perform conversions in less than 10 microseconds. Other forms of con- 


verters typically take many hundreds of microseconds, milliseconds, 
or even longer in some cases. 
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Sampling and Multiplexing 





So far in our discussion of ADCs, we have pretty much assumed that 
the analog input is a fixed or slowly varying DC voltage. While this 
is probably the case in a high percentage of applications, in other appli- 
cations the analog input will be a varying DC or in some cases a high 
frequency AC signal. In addition, there are some applications in which 
the ADC must be able to convert the inputs from multiple analog 
sources to digital numbers. With some additional circuitry, these spe- 
cial applications can be accommodated. 


SAMPLING 


Whenever an ADC converts a fixed DC input voltage into its binary 
equivalent, the process is a relatively fast and simple one. This binary 
output number can be stored or processed as required by the applica- 
tion. As long as the DC input remains constant, the output binary 
number will remain the same. However, how does the ADC deal with 
a varying DC or rapidly changing AC input? In most applications, the 
ADC is repeatedly sampling the input analog signal and generating a 
proportional binary output number. In the case of a DC input, the output 
is simply a series of binary numbers that are all the same. However, 
when the input is varying in amplitude, the output of the ADC will 
be a sequence of parellel binary numbers representing the analog volt- 
age values at the instant the ADC samples the input and makes its 
conversion. 





As an example, consider the sine wave shown in Figure 10-35. Assume 
that a successive approximation converter is used to convert the analog 
input into a sequence of output binary numbers. Assume further that 
the ADC conversion speed is 10 microseconds. Thus, every 10 micro- 
seconds, the ADC will sample the analog input voltage. Because the 
sine wave input is changing, the ADC sees a different input voltage 
value each time it makes a conversion. In this example, we show the 
ADC making 10 samples or conversions per cycle of the analog input. 
Therefore, one cycle of the analog input signal is represented by a se- 
quence of ten 6-bit binary numbers appearing every 10 microseconds 
at the output of the ADC. These numbers may be stored in memory 
for future processing or be sequentially processed and displayed as 
the application calls for. 
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ADC sampling of a sine wave 
(ten times per cycle). 


One of the most important factors to consider in converting an AC 
analog signal into its digital equivalent is how many times per cycle 
the AC signal is sampled by the ADC. If the signal is sampled many 
times during the cycle, as in Figure 10-35, a fairly accurate digital rep- 
resentation of the analog signal will appear at the ADC output. The 
fewer the samples per cycle used, the poorer the representation. If too 
few samples per cycle are used, the digital output will bear little or 
no resemblance to the analog input. An absolute minimum number 
of samples per cycle for most applications is two. Figure 10-36 shows 
how this minimum of two samples per cycle might appear in an actual 
case. Here, the ADC samples the analog signal once on the positive 
cycle and once during the negative cycle. Any fewer samples will result 


not only in considerable error but also an output signal that is not 
at all related to the input. 
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Figure 10-36 





Sampling two times per cycle. 
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Figure 10-37 


Reconstructing a digitized 
waveform with a DAC. 


One way to better see this is to assume that the binary numbers derived 
from sampling an analog signal are stored away in a digital memory. 
The contents of this digital memory is then fed to an ADC, which recon- 
structs the analog signal. Figure 10-37 shows the results of a DAC con- 
verting the binary numbers representing an analog signal sampled 10 
times per second and 2 times per second. Notice that the signal that 
was sampled 10 times per second is reconstructed in such a way that 
it is a reasonable-representation of the original analog signal. However, 
with only two samples per cycle, the analog output bears only the re- 
motest equivalency to the original input signal. 





The general rules to follow in determining the number of times an 
analog signal should be sampled are relatively simple. First, there 
should be no fewer than two samples per cycle in any application. 
This is the absolute minimum number and probably should never be 
used. On the other hand, the more samples per cycle used the better 
the representation of the input. As a general rule, 10 samples per cycle 
provides an optimum value. More samples per cycle will not produce 
much better representation of the original input. Fewer than 10 samples 
will, of course, degrade the signal when it is reconstructed by a DAC. 


Using these guidelines, you can then determine just how fast the ADC 
must be in order to sample the desired analog signal. You must know 
the frequency of the analog input signal so that you can determine 
its period and hence the desired or required speed of conversion. 
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For example, assume the input is a 120 Hz sine wave. The minimum 
sampling frequency is twice the input, or 240 Hz. An optimum sam- 
pling frequency is ten times the input, or 1200 Hz. The ADC sampling 
rate (t) then is: 

t = 1/f = 1/1200 = .0008333 second or 833.3 microseconds 


As you may suspect, the higher the frequency of the analog signal, 
the faster the required conversion speed to maintain a high quality 
output. When you are dealing with complex analog signals made up 
of a wide range of frequencies, the sampling frequency is harder to 
determine. For example, if you are dealing with a voice input whose 
frequency range is approximately 300 to 3300 Hz, it is more difficult 
to choose a sampling frequency. You could use 10 samples per cycle 
on the highest frequency, giving a sampling frequency of 33 kHz. Or, 
you could use 10 samples per cycles of the middle frequency of the 
given range. For example, the audio frequency range is 3300 - 300 or 
3000 Hz. The center frequency is one-half of this, or 1500 Hz. Ten 
samples per cycle would then require a conversion speed of 15 kHz, 
or a 66.67 microsecond sampling rate. This is just a general rule of 
thumb, and other rates will work. 
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General block diagram of a CODEC IC. 
CODEC 


For example, consider an application involving CODEC, a special inte- 
grated circuit used for converting analog voice signals into digital sig- 
nals and back again. A general block diagram of a CODEC is shown 
in Figure 10-38. The analog input signal to the device is usually a 
voice signal in the 300 Hz to 3.3 kHz range. This signal is applied 
to a successive approximation ADC which converts the analog input 
signal into an 8-bit digital word. This CODEC samples the analog input 
signal at an 8 kHz rate and generates a series of 8-bit binary words 
for each sample of the analog input. In this application it has been 
determined that a sampling rate of only 8 kHz is adequate for the de- 
sired performance. 





These samples are fed to an output buffer (shift register), which then 
shifts the binary words out serially. The result is a pulse train of serial 
data words that represent the analog input signal. This form of output 
is generally referred to as pulse code modulation (PCM). This serial- 
binary output waveform is then used to modulate an analog carrier 
that is sent by telephone line or radio to some remote site. 


Notice in Figure 10-38 that the CODEC not only generates PCM outputs 
but also accepts PCM input. This means that a PCM signal can be ap- 
plied to the CODEC and the CODEC will perform the necessary serial-to- 
parallel and digital-to-analog conversion. The PCM input buffer is a 
shift register which accepts the serial binary input words and feeds 
them in parallel to the DAC. The DAC changes the signal into the analog 
equivalent. The CODEC reconstructs the digital input back into the 
original analog voice signal. 
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CODECs are designed primarily for use in digital telephone systems. 
Most telephone systems today use digital switching to take full advan- 
tage of computer control. CODECs can be used in any application where 
it is desirable to digitize voice signals for transmission from one point 
to another. PCM is ideal for the accurate transmission of voice informa- 
tion over various communication links where high noise environments 
must be tolerated. 


SAMPLE AND HOLD 


We have already described several times a special condition that might 
occur when an ADC is converting an AC analog input signal. That 
is the case where the input voltage varies during the time the converter 
is performing its conversion. This creates a serious error and the result- 
ing output is meaningless. What is needed is a circuit that will “freeze” 
the analog input signal for an instant of time to allow the ADC to per- 
form its conversion. A circuit which performs this function is called 
a “sample and hold” (S/H) circuit, or S/H amplifier. 


An SH circuit is an analog memory. Also called a track/store circuit, 
the S/H amplifier is an analog device controlled by a digital signal. 
In its normal operating state, the circuit samples or tracks the analog 
input. In other words, its output is the same as the input. When a 
binary 1 is applied to the digital input of the S/H circuit, the circuit 
holds or “freezes” the output at the analog value the instant the binary 
input is applied. It holds the analog output at that level. 
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to eliminate aperture error. 


Figure 10-39 shows a diagram of a typical S/H circuit. It consists of 
an input op amp follower, an electronic switch, a capacitor, and an 
output op amp follower. 


Recall that an op amp follower has a very high input impedance and, 
therefore, causes little or no loading of an analog signal. Its output 
impedance is extremely low and can drive a considerable load; even 
capacitive loads can be utilized. Op amp voltage followers have unity 
gain and no inversion. 





Refer to Figures 10-39 and 10-40. The analog input sine wave is applied 
to the first op amp. Its output is connected to an electronic switch. 
This switch can be a FET, bipolar transistors, or a diode bridge. The 
switch is turned off and on with a digital control signal (binary 0 = 
on or closed, binary 1 = off or open). When the switch is on, the 
analog signal is applied to the capacitor and the input of the second 
op amp. The input follower charges and discharges the capacitor in 
accordance with the input. The output of the second follower is simply 
an identical buffered version of the original input. The digital control 
input at this time is binary 0. 
| | 


[ | | 
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— a — Mo. ee 
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Figure 10-40 





Input/output and control inputs 
of an S/H circuit. 
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Consider what happens when you apply a binary 1 to the switch. This tums the 
switch off and an open circuit now exists between the first follower and the 
capacitor. At this time, the voltage appearing across the capacitor will simply re- 
main there. The very high input impedance of the second follower has little ef- 
fect on the charge on the capacitor. Over a long period of time, the charge will 
leak off through the high input impedance of the follower. But for short periods 
of time (less than a second), the charge on the capacitor vanes little. This voltage 
is a sample of the analog input at a specific period in time. The output of the sec- 
ond follower is a DC voltage representing the charge on the capacitor. As you 
can see, the capacitor and follower form a type of analog memory. 


Applying a binary 0 to the switch will again turn it on and cause the analog sig- 
nal to be applied to the capacitor. The circuit begins to sample or track the 
analog input. 


This is a circuit that will allow an analog input signal to be passed to the output. 
However, by controlling the on/off state of the switch, the analog input signal 
can be sampicd at any time. The value of that input is then stored temporarily. 


Numerous other methods of S/H are used. However, the example given is suffi- 
Cient to illustrate the concept. S/H circuits are widely used in all forms of data 
conversion. Their primary application is as an analog memory circuit connected 
to the input of an A-to-D converter as shown in Figure 10-39. Here, the sample 
and hold is used to freeze or sample the analog input and allow the A-to-D to do 
its conversion on a fixed voltage input. This removes the aperture error from the 
analog-to-digital conversion process. Note the special symbol used to represent 
the S/H circuit. 
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A mechanical analog multiplexer. 


MULTIPLEXERS 


A multiplexer is a multiple input, single output, digitally controlled 
analog switch. A mechanical analog multiplexer is illustrated in Figure 
10-41. This is nothing more than a rotary switch where input signals 
are applied to the various positions of the switch. The arm of the switch 
may be connected to any of the inputs. Only one of the inputs is con- 
nected to the output arm at a time. An electronic version of a multi- 
plexer is used to connect any one of several analog signals to the input 
of an ADC. See Figure 10-42. With this arrangement, a single ADC 
may be used to digitize any one of several analog inputs. 
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Electronic multiplexer. 
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Figure 10-43 


4-channel MOSFET multiplexer. 


Analog multiplexers (usually abbreviated MPX or MUX) may be im- 
plemented in a variety of ways. Reed relays and bipolar transistors 
can be used as switches. However, most contemporary analog multi- 
plexers are integrated circuits using field effect transistors. Both junc- 
tion and MOSFETs are used. A typical 4-channel multiplexer using 
enhancement mode MOSFETs is shown in Figure 10-43. When the gate 
input to an enhancement MOSFET is at ground, the FET does not con- 
duct. Therefore, it acts as an open circuit. When a binary 1 voltage 
level is applied to the gate, the FET conducts. Its low conducting resis- 
tance simulates a closed switch. In all multiplexers, only one of the 
FETs conducts at any given time. No more than one input signal is 
allowed to pass from the input to the output at any given time. 


Channel selection is usually handled by an input register or binary 
counter and a decoder. In Figure 10-43, a 2-bit binary counter connected 
to a 2 line to 4 line decoder is used to select the desired input channel. 
Recall that with a decoder only one of the four outputs is enabled 
at any given time. There are four input states or addresses: 00, 01, 
10, and 11. These correspond to the multiplexer input channels labelled 
0 through 3. When input address 10 is applied, the decoder output 
turns on Q3 and lets analog input 2 pass through to the output. It 
is inverted by the op amp. 
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Output of a 4-channel mutliplexer 
with given inputs. 
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With this circuit, incrementing the counter will cause each of the analog 
input channels to be sampled for a period of time for a duration equal 
to the period of the clock driving the counter. The waveforms in Figure 
10-44 illustrate this concept. Notice that four different analog signals, 
+ 1.5 VDC, sine wave, — 2 VDC, and zero volts are applied to the inputs. 
Note the multiplexer output is a repetitive sampling of the various in- 
puts. The output is inverted because of the op amp. In a four-channel 
multiplexer, for every four clock pulses, a given input is sampled. If 
the clock frequency is 10 kHz, the sampling duration is 1/10,000, or 


100 microseconds, and the sampling rate for each input is 10 kHz/4 
= 2500 Hz. 


Practical IC multiplexers are available with 2, 4, 8, and 16 input chan- 
nels. These can be further combined to form multiplexers with even 
more inputs. 


In some applications, it is desirable to sample multiple analog inputs 
simultaneously. Usually, the decoder is driven by a counter so that 
it samples each input channel sequentially, one after the other. In order 
to get readings of all four channels simultaneously, the analog inputs 
are applied to S/H circuits before they are applied to the multiplexer. 
This is illustrated in Figure 10-45. Here, the S/H amplifier outputs are 
applied to the multiplexer. At the desired time, all four S/H circuits 
are put into their hold mode with the S/H control input. This “freezes” 
the four inputs. Then the multiplexer can be cycled to sample the S/H 
circuit outputs. The ADC then sequentially converts the four inputs 
to their digital equivalents. While the analog-to-digital conversion pro- 
cess is sequential, the values obtained are the input levels of the four 
channels occurring at the desired instant in time. The process of se- 
quentially sampling and converting multiple analog inputs is called 
time division multiplexing. 
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Self Test Review 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


29. 


26. 


Most A-to-D converters contain a circuit that accepts analog in- 
puts and generates a single digital output. It is called a 


Two types of ADCs that use a DAC are: 


a. 
b. 


The three factors that affect the conversion speed of a counter 
feedback ADC are: 


a. 
b. 
C: 


A successive approximation converter with eight bits makes one 
comparison per microsecond. The conversion speed of this ADC 
is —————————  — microseconds. 


The fastest form of ADC is the _____-__—_. converter. 


The ADC with excellent accuracy and great resistance to noise 
isthe ———————— ———— converter. 


An ADC that converts a varying analog input into a train of pulses 
whose frequency is proportional to the input voltage is called 
a———— — — Converter. 


The resolution of a 5-bit simultaneous converter with a 10 volt 
reference is ______ Volts. 


A circuit used to hold the voltage input to an ADC constant during 
its conversion cycle is called a 


A circuit that allows a single ADC to convert multiple analog 
inputs to digital outputs is called a 


The two types of ADCs commonly used in digital multimeters 
are: 


oT ® 
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27. The data conversion circuit that generates pulse code modulation 
is called a 


28. An ADC has an analog input signal of 400 Hz. The minimum 
sampling frequency is __________ Hz. The ideal sampling fre- 
quency is ——————— kHz. 


29. The inaccuracy caused by dividing the analog input range into 
discrete voltage levels is generally referred to as 
error. 


30. The inaccuracy produced into an analog-to-digital conversion by 
a varying analog input during the conversion process is referred 
to as ———— —— Error. 


31. An ADC that typically uses a BCD output is the 
converter. 


32. The maximum bit size of a modern flash converter in IC form 
is_. obit . 


33. An 8-input multiplexer is stepped by a 10 kHz signal. The indi- 
vidual sampling rate for each channel is ——— — —  — kHz. 





34. The critical specification of a comparator is its 
voltage. 


35. An application for an ADC requires the circuit to recognize a 
minimum analog input of 12 millivolts. The reference is 10 volts. 
What size standard ADC could be used to satisfy this require- 
ment? bits 


36. An A-to-D application requires a resolution of 16 bits. The conver- 
sion time must be less than 10 microseconds. A 
converter is the preferred choice. 


Answers 


16. comparator 


17. a. counter ramp 
= b. successive approximations 

















18. 


19. 


20. 


21: 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


a. analog signal amplitude 

b. counter length (resolution) 

c. clock speed 

8 

flash 

dual slope 

V-F 

312.5 mV 5 bits = 32 increments 


10/32 = .3125 volts 
S/H amplifier 
multiplexer 


a. dual slope 
b. V-F 


CODEC 

800 Hz, 4 kHz 
quantizing 

aperture 

dual slope 

8 

10 kHz/8 = 1.25 kHz 


offset or sensitivity 


10 volt reference 


10 bits, with 10 bits there are 1024 increments. 


10/1024 = 9.8 mV resolution 
With 9 bits, there are 512 increments. 


9/512 = 19.5 mV resolution which cannot recognize 


12 mV changes. 


successive approximations 
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EXPERIMENT 25 


Analog-to-Digital Conversion 


OBJECTIVES: To demonstrate the operation of a typical 
analog-to-digital converter. 


Introduction 


In the section covering analog-to-digital converters (ADCs), you read about the 
counter-ramp feedback ADC. Recall that this method takes the output of a DAC 
and compares it to a separate analog input. The output of the comparator controls 
the clock input to the counter which, in turn, provides the input to the DAC. The 
counter is incremented until the DAC output exceeds the analog input, at which 
time the comparator output prevents the counter from changing its input, and 
conversion stops. 


This is the circuit you will work with in this experiment. Using the DAC circuit 
you wired in Experiment 24, you will add a comparator and appropriate control 
circuit to create an ADC. The list of required parts and the schematic in this ex- 
periment will show only those additional parts needed to convert the DAC to an 
ADC. Refer back to Figure 10-20A for the wiring of the DAC. 





Material Required 


1 — Wired DAC circuit from Experiment 24 (Figure 10-20A) 
1 — ET-3200 Digital Design Experimenter 

2 — 10k ohm resistors 

1 — 4,7 volt zencr diode 

1 —- 10k linear potentiometers 

1 — 7400 quad two input gate 

1 — multimeter (digital preferred) 


Procedure 


l. Before you add the additional circuitry to the DAC circuit already wired 
on your Trainer, check the circuit for proper operation. With the Trainer 
off, insert an ammeter between the 5 kilohm control and +5 volts. Tum 
your Trainer on and adjust the 5 kilohm control until the ammeter reads 2 
mulliamps. Once this adjustment is made, turn the Trainer off and replace 
the ammeter with jumper wire. 
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2. Move the clock input of the first counter to logic switch A, and ensure 
data switch 1 is low. 


3. Tum the Trainer on and toggle the counter until L3 is lit, and the 7- 
segment LED displays an "8". 


4. Connect a voltmeter to pin 1 of the 1458 op amp. Adjust the 10 kilohm 
control on the feedback path of the op amp until the output voltage equals 
+1.60 volts. 


Once these adjustments are made, your DAC circuit should be operating 
precisely like the previous experiment. 


5. Tum the Trainer off, and add the circuitry shown in Figure 10-46. 


[M ooo | 





OUTPUT 


| FT | 
| HH) tice | 
ooo DAC > 
5 1468 
LOGIC SWA | _— 
CLOCK | LLL 
3 


(+5V-PIN14) 
(GND-PIN7) 






L 5 10 
COMPARATOR -12V 


ANALOG 
INPUT 


Figure 10-46 
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The comparator uses the second half of the 1458 dual op amp. One op 
amp (pins 1 through 3) acts as the current-to-voltage converter, while the 
other (pins 5 through 7) functions as the comparator. 





Be sure to connect the cathode side of the 4.7-volt zener diode to pin 7 of 
the op amp. 


In addition to the input and output pins of the 7400 chip, be certain to con- 
nect pin 14 to +5 volts, and pin 7 to ground. 


Also be sure to remove the wire between the input of the first counter and 
logic switch A. 


6. With the Trainer still off, sct the analog input to —12 volts. This is accom- 
plished by adjusting the 10 kilohm control at the analog input all the way 
to —12 volts. Connect the clock input at the NAND gate to CLOCK, and 
set the CLOCK frequency to 1 Hz. Set data SW1 high. 


By adding a comparator, an analog input, and a clock control circuit (the 
NAND gate), the DAC circuit is converted to a counter-ramp feedback 
ADC. The positive output voltage of the DAC is compared to the negative 
analog input voltage by the comparator. As long as the voltage output of 
the DAC is lower in magnitude than the analog input, the anode of the 
zener is negative. This keeps the zener diode reverse-biased, and the out- 
put of the comparator will be Vcc: or a binary 1. This is one input to the 
NAND gate. As long as the output of the comparator is a binary 1, the 
NAND gate will allow the clock signal through, incrementing the counter 
circuits and changing the digital output. 





Once the DAC output voltage becomes even nominally higher than the 
analog input, the zener becomes forward-biased. This drops the output of 
the comparator to +0.70 volts, or a binary 0. The 0 on the NAND gate 
locks the output of the gate to a binary 1, preventing the counter from cy- 
cling any further. In other words, once the DAC Output exceeds the analog 
input, the countcrs cannot cycle and remain at their previous digital 
Output. 














10. 


Connect a voltmeter to the output of the DAC circuit, and tum your 
Trainer on. Move data SW1 low, allowing the counter to begin cycling. 
Measure and record the highest output voltage achieved by the DAC. This 
should occur when the binary input is 11111111. 


(NOTE: Recall the method used in Experiment 24 to read the binary input. 
The four least significant bits is displayed by the hexadecimal display of 
the 7-segment LED. A binary 1111 is equivalent to an "F". The four most 
significant bits are displayed by logic indicators L4 through L1, with L1 
being the MSB.) 


Keep in mind that each voltage step lasts for approximately one second 
before the next clock pulse toggles the counters, so make your measure- 
ment quickly. 


Output voltage (binary 11111111) = V 


Increase the frequency of the CLOCK generator from 1 Hz to 1 kHz. Are 
the counters able to go completely through their cycle? 


Cycs/no) 


With the additional circuitry connected, the circuit is functioning as an 
ADC. There should have been a point where the output of the DAC ex- 
ceeded the analog input, allowing the comparator to lock the counter. Yet 
the counters were never locked — they cycled through completely. How 
do you account for this? 


Move data SW1 high, and set the frequency of the CLOCK gencrator to 1 
Hz. Connect a voltmctcr to the wiper arm of the 10 kilohm control that 
sets the analog input. Adjust the 10 kilohm control until the voltmeter 
reads —2 volts. 


In Experiment 24, you detcrmincd the amount of voltage change for each 
incremental change in the binary input. Since you arc using the same basic 


circuit here, this value must still be the samc. Record this value below: 


DAC Output = V/step 
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11. 


12. 


13. 


14. 


Recalling the operation of this circuit as an ADC, the counters will start 
with a binary 00000000, and count until the comparator and NAND gate 
prevent the clock from reaching them. This should occur at a point where 
the output voltage of the DAC exceeded the analog input voltage. Since 
you know the amount of voltage change-per-step for the DAC, you should 
be able to predict the number of steps the countcr will reach before lock- 
ing up. This value would also be the binary input. Since we set the analog 
input to —2 volts, what will the binary output be? 


Binary output (analog input = —2V) = 
Set data SW1 low, and observe the operation of the circuit. Allow the 
counters to count until they stop. What is the binary output as displayed by 
the 7-segment LED and logic indicators L4 through L1? 


Binary output = 


Does the displayed binary output approximately equal the binary output 
you predicted in Step 11? 


(yes/no) 


Connect your voltmeter to the voltage output of the DAC. Does this volt- 
age have the same magnitude as the analog input voltage? 


(yes/no) 


Set data SW1 high, and increase the frequency of the CLOCK generator to 
1 kHz. Set data SW1 low, and note how long it takes the ADC to convert 
the analog input to its appropriate binary output. Was the conversion rate 
faster or slower than when the CLOCK generator was set to 1 Hz? 


(faster/slower) 


From this step, what can you conclude to be a factor that determines the 
conversion rate for an ADC? 
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Discussion 





In Steps 1 through 14, you set up and began observing the operation of the 
counter-ramp feedback ADC. Since the counter-ramp ADC uses a DAC circuit, 
you were able to use the DAC circuit you constructed in Experiment 24. In- 
itially, you ensured the DAC was working the same as in the previous experi- 
ment. You then attached the feedback loop consisting of the comparator and the 
NAND gate. Finally you added the required analog input signal, and the ADC 
was complete. 


You started with an analog input of —12 volts. In Step 7, you measured the out- 
put of the DAC with a binary input of 11111111. This value should have pro- 
duced an output of approximately +10.36 volts, just as in Experiment 24. You 
then increased the frequency of the CLOCK generator, which allowed you to see 
the counters cycling at a higher rate. Since the analog input was —12 volts, the 
output voltage of the DAC never reached this magnitude. Thus, the comparator 
never disabled the NAND gate output, and the clock pulses were always present 
at the counters. Remember, the counter-ramp ADC compares the DAC output 
voltage to the analog input voltage. When the DAC voltage exceeds the applied 
analog voltage, the comparator disables the NAND gate and prevents the clock 
pulses from reaching the counter. Since the two voltages were never even equal, 
this never occurred, and the counters were able to continually cycle. 





In Step 9, you adjusted the analog input voltage to —2 volts. The comparator 
would then stop the counters when the DAC output voltage exceeded +2 volts. 
Since you knew the voltage-per-step for the DAC was +0.04 volts (from Expen- 
ment 24), you were able to predict that the DAC would excced +2 volts in 51 
steps, or when the binary count was 00110011. The actual binary output ob- 
served in Step 12 will depend upon how accurately you set the step voltage. 


In theory, the counters should stop when the DAC output is cqual to the analog 
input. However, we’ve continucd to mention in this experiment that the counters 
stop when the DAC output exceeds the analog input — you verified this in Step 
13. In actual operation, the DAC output must excecd the analog input in order 
for the comparator to actually switch its output. 
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The frequency of the clock pulses was 1 Hz, so the circuit took approximately 51 
seconds to achieve an output that exceeded 2 volts. When you increased the fre- 
quency of the clock pulses in Step 14, the conversion took place almost instan- 
taneously. This demonstrates that the frequency of the clock is one of the factors 
that determines the conversion rate for the counter-ramp ADC. In the next por- 
tion of this experiment, you will manipulate the circuit to observe the other two 
factors that determine the conversion rate for the counter-ramp ADC. 


Procedure (continued) 


15. 


16. 


17. 


18. 


Set data SW1 high, and connect a voltmeter to the wiper arm of the 10 
kilohm control that sets the analog input. Adjust the 10 kilohm control un- 
til the voltmeter reads —6 volts. Set the frequency of the CLOCK generator 
to 1 Hz. | 


Based on the setting from Step 15, what should the binary output be? 
Binary output (analog input = —6V) = 


Set data SW1 low, and observe the operation of the circuit. Allow the 
counters to count until they stop. What is the binary output as displayed by 
the 7-segment LED and logic indicators L4 through L1? 


Binary output = 


Does the displayed binary output approximately equal the binary output 
you predicted in Step 16? 


(yes/no) 


Connect your voltmeter to the voltage output of the DAC. Does this volt- 
age have the same magnitude as the analog input voltage? 


(yes/no) 
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19. You have now seen the ADC convert analog inputs of —2 volts and —6 
volts with the CLOCK frequency set at 1 Hz. Did the ADC convert the —6 
volt input faster or slower than when the analog input was —2 volts? 


(faster/slower) 


Another factor, therefore, which determines the conversion rate for this 
circuit 1S: 


20. Set data SW1 high, and connect a voltmeter to the wiper arm of the 10 
kilohm control that sets the analog input. Adjust the 10 kilohm control un- 
til the voltmeter reads —1 volts. Set the frequency of the CLOCK generator 
to 1 kHz. 


21. Move data SWI low, and record the binary output displayed when the 
counters lock up: 


Binary output = 





22. Move data SWI high, and adjust the 10 kilohm control in the feedback 
path of the current-to-voltage converter completcly to one end. 


23. Move data SW1 low, and record the binary output displayed when the 
counters lock up: 


Binary output = 


24. Move data SWI high, and adjust the 10 kilohm control in the feedback 
path of the current-to-voltage converter to the other extreme end. 


25. Move data SW1 low, and record the binary output displayed when the 
counters lock up: 


Binary output = 
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26. Answer the following qucstions: 


a. Are the binary outputs the same for each adjustment of the feedback 
resistance? 


(yes/no) 


b. As you adjust the feedback resistance, what characteristic of the DAC 
are you adjusting? 


c. How does this adjustment change the binary output of the ADC 
circuit? 


d. Given the answers to these and previous questions, the three oe 
which determine the conversion rate for this circuit are: 





27. Tum the Trainer and any test equipment off, and remove the circuit from 
the breadboard. 


Discussion 


Having worked with the normal operation of the counter-ramp ADC, Steps 15 
through 26 demonstrated the other two factors which determine the conversion 
rate for the circuit. In Step 15, you adjusted the analog input to —6 volts. The bi- 
nary output for this voltage is 10010111, which you viewed in Step 17. Again, 
the output voltage of the DAC in Step 18 should have been slightly higher than 
the analog input voltage. 
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In the first portion of the experiment, the ADC produccd a binary output after 
adjusting the analog input to —2 volts. This conversion was accomplished with a 
clock frequency of 1 Hz. In Steps 16 and 17, you watched the conversion when 
the analog input was —6 volts and the clock was still 1 Hz. It took the circuit 
much longer to convert —6 volts to a binary signal than -2 volts. This is because 
the output voltage of the DAC increases slowly with each step, and the circuit 
requires more steps to reach +6 volts. So another factor that determines the con- 
version rate for the counter-ramp ADC is the magnitude of the analog voltage. 


Steps 20 through 26 demonstrated the third factor for conversion rate. Working 
with a clock rate of 1 kHz, you adjusted the analog input to —1 volt. This input 
produced a binary output of 00011010 (decimal 26), allowing for the slightly 
higher output voltage of the DAC. You then recorded the binary output for the 
same analog input, but after adjusting the voltage-per-stcp of the DAC to its two 
extremes. Swinging the 10 kilohm control on the I-to-E converter changed the 
volts-per-step to anywhere from 0.08 to 0.01. These two values produce binary 
outputs of 00001101 (decimal 13) and 10000011 (decimal 131). You measured 
the output voltage of the DAC for all three binary outputs, and noticed that it re- 
mained at relatively the same voltage. This output voltage was always slightly 
higher than the analog input voltage, but opposite in polarity. 





So how did changing the volts-per-step change the binary output? Let’s use an 
analogy to help explain. Imagine you wish to climb a flight of 12 steps. If you 
took one step at a time, you would take 12 steps before rcaching the top. If you 
took two steps at a time, you would only need six steps to reach the top. If you 
took four steps at a time (and had very long legs), you could reach the top in only 
three steps. 


Remember, the binary output is an indication of how many steps the DAC used 
before producing an output voltage slightly higher in magnitude than the analog 
input. When the volts-per-step is very high — 0.08 volts — the DAC will reach 
+1 volt very quickly. On the other hand, if the volts-per-step is only 0.01 volt, 
the DAC would require many more steps before reaching +1 volt. This proves 
that the volts-per-step of the DAC— also known as the resolution—-is the 
third factor which determines the conversion rate of the counter-ramp ADC. 
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UNIT EXAMINATION 


The purpose of this exam is to help you review the key facts in this 
unit. The problems are designed to test your retention and understand- 
ing by making you apply what you have learned. This exam is not 
so much a test as it is another learning method. Be fair to yourself 
and work every problem first before checking the answers. 


1. The increased use of data conversion circuits is the result of the 
increased application of: 





a opamps 
b. digital equipment 
c. computers 
d. linear circuits 
2. Which of the following does NOT affect the output amplitude 
of a DAC? 
a. current switch speed 
b. binary input 
c. reference voltage 
d. opamp feedback resistor 


3. The primary disadvantage of a weighted resistor DAC is its: 


a. low speed 

b. wide resistor range 
c. complexity 

d. high cost 


4. The resolution of a 9-bit DAC is: 


a. .001953% 
b. .1953% 

c. 195.3 ppm 
d. 1953 ppm 


5. Which set of resistor values could be used in an R/2R DAC? 


a. 10k, 15k 
b. 300,200 
c. 600, 300 
d. 600,800 
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6. The term used to describe a DAC output that always increases 
for an increasing binary input count is: 


a. accurate 

b. linear 

c. monotonic 
d. monolithic 


7. Which of the following is NOT a part of most DACs? 





a. counter 
b. reference 
c. resistor network 
d. current switches 
8. The main function of an op amp in a DAC is: 
a. current-to-voltage converter 
b. analog memory 
c. voltage-to-current converter 
d. power amplification 
9. The conversion speed of a DAC is essentially its: 
a. aperture time 
b. clock rate 
c. resolution 
d. settling time 


10. A DAC that can produce the product of analog and digital inputs 
is called a(an): 


a. product detector 
b. multiplying DAC 
c. hybrid DAC 

d. A-D converter 


11. The term used to describe the analog-to-digital conversion pro- 


cess İs: 
a. analogize 
b. linearize 
c. digitize 
d. binaryize 
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12. 


13. 


14. 


15. 


16. 


17. 


The circuit with an analog input, reference input, and a binary 
output is called a: 


a. opamp 

b. comparator 
c. ADC 

d. S/H 


A counter-ramp ADC has an 8-bit resolution, a 10 volt reference, 
and a clock speed of 100 kHz. With a 6 volt input, the conversion 
time is: 


a. 10microseconds 
b. 154 microseconds 
c. 1.54ms 

d. 2.56 ms 


A 12-bit successive approximations ADC makes how many com- 
parisons per conversion cycle? 


a 1 

b. 2 

C. 12 

d. 4096 


The second fastest form of ADC is: 


a. successive approximations 
b. counterramp 

c. flash 

d. V-F 


The fastest form of ADC is the: 


a. successive approximations 
b. counter ramp 

c. flash 

d. dualslope 


The form of ADC most often used in digital multimeters is: 


a. successive approximations 
b. counter ramp 

c. flash 

d. 


dual slope 
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18. The primary circuit of a flash converter is a: 


a. comparator 
b. DAC 

cC. opamp 

d. R/2R network 


19. The primary advantages of a dual slope ADC are: 


a. conversion speed 

b. accuracy 

c. high noise tolerance 
d. lowcost 


20. The circuit that converts the output of a V-F ADC to binary or 


BCD is a: 
a. counter 
b. shift register 
c. storage register 
d. DAC 


21. The error caused by the analog input changing during an ADC 
cycle is called: 





a. monotonic error 
b. quantizing 
c. reference error 
d. aperture error 
22. An analog memory circuit used to eliminate aperture error is 
called a: 
a. multiplexer 
b. track/store amplifier 
c. comparator 
d. opamp 
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23. An 8-channel multiplexer is driven by a 20 kHz clock. The op- 


timum sampling duration is: 





6.25 microseconds 
5 microseconds 
100 microseconds 
400 microseconds 


Ao oO 


and the minimum sampling speed is: 


2.5 microseconds 
25 microseconds 
250 microseconds 
20 microseconds 


Ao oP 


24. AnLSIIC that generates PCM is called a: 


a. successive approximations ADC 
b. modulator 

c. CODEC 

d. modem 


25. The process of sequentially converting multiple analog input sig- 


nals to digital outputs is called: 





a. analog-to-digital conversion 
b. serial ADC 

c. pulse code modulation 

d. 


time division multiplexing 
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EXAMINATION ANSWERS 


1. c.—computers 

2. a.—current switch speed 

3. b.—wide resistor range 

4. b—.1953%, d.—1953 ppm 
9 bits = 2 to the 9th power = 512 
.001953 < 100 = .1953% 
001953 X 1,000,000 = 1953 ppm 

6. c—monotonic 

7. a.—counter 


8. a.—current-to-voltage converter 


9. d.—settling time 





10. b.—multiplying DAC 
11. c.—digitize 
12. b.—comparator 


13. c—1.54 ms 

Resolution: 2 tothe 8th power = 256 

1/256 = .0039 With 10 volt reference, resolution is 
.039 V or 39 mV. 

With a 6 volt input, the counter must increment 
6/.039 = 154 steps. 

With 100 kHz clock, the step speed is 1/100,000 = 
.00001 or 10 microseconds 

Conversion speed is 10 x 154 = 1540 microseconds 
or 1.54 milliseconds (ms). 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


c.—12 

a.—successive approximations 
c—flash 
d—dual slope 
a.—comparator 
b.—accuracy, c.—high noise tolerance 
a.—counter 


d.—aperture error 


b.—track/store (or S/H) amplifier 


1 , 
b.—5 microseconds T = FXO (optimum) 
1/200,000 = .000005 sec or 5 microseconds 
ra `l __l 
= FX2 20kX2 40,000 
T = 25 microseconds 
c.—CODEC 


d.—time division multiplexing 
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INTRODUCTION 





In this unit, you will learn to troubleshoot digital circuits. Like other cir- 
cuits, digital circuits occasionally fail, and often, the problem must be 
located quickly so that the equipment can be restored to normal opera- 
tion. The whole purpose of this unit is to help you learn how to diagnose, 
isolate, and repair defective digital equipment. 


Whether you are an engineer, a technician, or a scientist, you should 
know how to troubleshoot digital circuits. As an engineer, you will fre- 
quently have to troubleshoot and repair defective digital circuits in your 
design prototypes. As a production line technician, you will occasion- 
ally need to repair new digital equipment that has just been assembled 
on the production line. As a scientist, you may have to service the piece 
of digital equipment you are using in your experiments. These are only 
a few of the many examples of situations where a knowledge of digital 
troubleshooting is desirable. In any case, the main objective is to locate 
the problem and repair it quickly to restore it to proper operation. Speed 
is necessary since equipment malfunctions cause a significant loss of 
time, money, and productivity. In this unit, you will learn troubleshoot- 
ing practices and test equipment applications that will help you trouble- 
shoot and repair digital circuits in newly constructed equipment or in 
equipment that has been used in the field. 
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UNIT OBJECTIVES 





When you complete this Unit, you will be able to: 


1. Name the common troubles that cause digital equipment to mal- 
function. 

2. Explain how and why digital circuits fail. 

3. List the special pieces of test equipment used to troubleshoot 
digital circuits. 

4. | Show how to troubleshoot digital circuits using common test in- 


struments such as the VOM/DMM and the oscilloscope. 


5. Explain the operation and application of logic probes, logic 
pulsers, logic analyzers, and signature analyzers. 


6. List several common procedures for diagnosing and isolating the 
circuit problems. 
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UNIT ACTIVITY GUIDE 





Completion 
Time 


Read “Typical Problems in Digital Circuits.” 
Answer Self Test Review questions 1 — 10. 
Read ‘“‘Digital IC Problems.” 

Answer Self Test Review questions 11 — 15. 
Read ‘“‘Digital Test Instruments.” 

Answer Self Test Review questions 16 — 40. 
Read ‘“‘Procedures for Digital Troubleshooting.” 


Answer Self Test Review questions 41 — 50. 


OD O O0 U OUD UU O 


Perform Experiment 26 “Practical Digital 
Troubleshooting.” 





Complete the Unit Examination. 


L 


Check the Examination Answers. 


L 
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TYPICAL PROBLEMS IN DIGITAL CIRCUITS 


Figure 11-1 lists the ten problems that most often cause trouble in digital 
equipment. While problems can come from a wide variety of sources, you 
will find that most of them fall into one of these ten categories. In this 
section, we will consider each of these classes of trouble in more detail. 


1. Operator problems. 

2. Construction errors. 

3. Defective components. 

4. Mechanical problems. 

5. Power supplies. 

6. Timing problems. 

7. Environmental problems. 
8. Noise. 

9. Design errors. 


10. Software. 


Figure 11-1 
Representative problems in digital equip- 
ment. 
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Operator Problems 





Operator problems, more commonly referred to as “cockpit” problems, 
are one of the most frequently encountered troubles. Cockpit problems 
usually occur when the operator of the equipment uses it improperly. 
When the operator of the equipment doesn’t know how to use the equip- 
ment or interpret the results of the application, he often suspects the 
equipment to be defective when itisn’t. What appears to be a malfunction 
is, in reality, nothing more than the improper application of the equip- 
ment. Cockpit problems are not equipment problems, they are operator 
problems. 


Some typical cockpit problems include: 
1. Improper interconnections — The user has connected the equip- 
ment to external devices in an incorrect manner. For example, in- 


puts may be connected to outputs and vice versa. 


2. Improper control settings — The switches and other controls on 
the equipment have been misadjusted or set to incorrect positions. 





3. Output results are misinterpreted — Output displays such as 
indicator lights, numerical readouts, and meters are read incor- 
rectly. 

4. Incorrect data is used — In equipment requiring the operator to 
enter instructions or data, input mistakes occasionally cause a mal- 
funtion. 

5. Equipment specifications exceeded — The equipment is used in 
such a way that its specifications and operating characteristics are 
exceeded in some way. 


Cockpit problems are relatively easy to overcome. It is primarily a matter 
of the operator reading the equipment instruction manuals. In addition, 
someone who knows how to use the equipment properly, should demon- 
strate for the operator. Once the user becomes familiar with the operation 
and limitations of the equipment, cockpit problems typically go away. 
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Construction Errors 





Many problems occur in digital circuits that have just been constructed. 
When you are building a design prototype or manufacturing a new piece 
of equipment on the production line, construction mistakes are often in- 
troduced. Of course, construction errors occur only in newly manufac- 


tured items, as opposed to equipment that has been operating in the field 
for some time. 


A typical example of construction problems is wiring errors in a design 
prototype. Usually when a circuit is designed, it is breadboarded and 
tested to ensure its proper operation and determine its specifications. 
Problems are introduced by the person constructing the circuit. Some 
typical problems include using the wrong integrated circuit, using an in- 
correct component value, and incorrectly connecting the components. 


Construction errors are also found in newly manufactured equipment. 
While there are fewer mistakes made on the production line than on 
design prototypes, still you will find incorrect or defective compo- 
nents, wiring mistakes, and problems resulting from poor construction 
techniques. Examples of poor construction techniques are bad solder- 
ing and improper component placement. When components are sol- 
dered by hand, occasionally some connections will be missed entirely 
and, because of the lack of solder, an open circuit exists. Cold solder 
joints and solder bridges between adjacent connections are also com- 
mon. Also, the builder may use incorrect components, or connect them 
incorrectly. For example, he may put an integrated circuit, a diode, 
or electrolytic capacitor in backwards. 





While many construction errors are easy to find and correct, sometimes 
they can be extremely difficult. This is particularly true when there are 
multiple mistakes. It is difficult enough to locate a single problem, but 
itis much harder to isolate two or more independent defects. It is difficult 
to eliminate all construction errors but obviously the way to minimize 
them is to take the time and effort necessary to ensure that the equipment 
is constructed properly in the first place. 
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Defective Components 





The most common cause of failure in digital equipment, or for that matter 
any electronic circuit, is a defective component. This is particularly true 
in equipment that has been operating successfully. 


Electronic components fail for a number of reasons; most often they have 
been improperly used. For example, the component may be overloaded 
or its specifications exceeded due to poor design. Another reason for 
component failure is a manufacturing defect. The manufacturer may 
have simply put the component together incorrectly or used the wrong 
materials. | 


Some types of components fail more often than others. Component fail- 
ure rates vary widely depending upon the type. Figure 11-2 lists the com- 
mon components used in digital equipment. These are listed in the order 
of the most frequent failures. For example, fuses and indicator lights fail 
more frequently than other components. The component that fails the 
least is the printed circuit board. Review the list in Figure 11-2 to 
familiarize yourself with the most common component failures. 





Fuses, indicator lights. 


Switches, relays. 

Power supplies. 

Connectors, wires, cables. 
Transistors, diodes. 

Capacitors, resistors, transformers 
Integrated circuits. 


Printed circuit boards. 





Figure 11-2 


Component failure table. 
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Mechanical Problems 





According to Figure 11-2, mechanical or electromechanical compo- 
nents fail more frequently than most other components. Devices such 
as switches, relays, and connectors are mechanical in nature and have 
a higher failure rate than electronic components. Any component that 
has moving parts or is used as a physical link between pieces of equip- 
ment causes more trouble than an electronic component. A good exam- 
ple of a mechanical problem is a broken wire. Loose and dirty intercon- 
nections are also common problems. Plugs, sockets, and jacks that are 
used with wire to connect one piece of equipment to another are fre- 
quent causes of difficulty. Often, these components fail to make a good 
electrical connection because they become worn or their contacts be- 
come corroded or dirty. 


Any component with a moving part, such as a switch or relay, is a 
candidate for problems. Moving parts wear, get out of adjustment, and 
break because of stress. You will find yourself making more mechanical 
repairs than almost any other type. 


Power Supplies 





While most problems in electronic equipment can be traced to a com- 
ponent failure of some kind, very frequently that component is part 
of a section common to all electronic equipment, whether it is analog 
or digital. That circuit is the power supply. This is the circuit that 
converts the AC line voltage to accurate and stable DC voltages for 
operating the circuits in the equipment. When the power supply fails, 
the equipment becomes inoperable. Since it affects all of the circuits, 
a power supply problem is usually easy to isolate and repair. 


Power supplies often fail because of the great stress put on them. They 
normally have to handle high voltages, high currents, or both. High 
temperature is another typical cause of failure. So you will probably 
spend a lot of your time repairing power supplies. A quick check of 
the circuit voltages will tell you whether or not the power supply 
is working. If the voltages are incorrect, you will typically know that 
you have a power supply problem. 
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Timing Problems 





Timing problems are those associated with the frequency of operation 
and propagation delay of digital circuits. Most digital circuits operate at 
very high speeds, and the sequence of events and their speed of occur- 
rance are usually essential to proper operation. If the clock frequency 
changes or a component develops increased propagation delay, opera- 
tional problems can occur. Sometimes component aging or mechanical 
vibrations can introduce voltage or frequency changes and affect the tim- 
ing. In any case, you will occasionally encounter timing problems in your 
work with digital circuits. 


Most timing problems typically occur in circuit prototypes. When an en- 
gineer is designing a new circuit, he usually discovers malfunctions that 
are due to improper timing. Circuits with critical timing are usually rede- 
signed or carefully designed to ensure that they function properly with 
a wide range of components and operating conditions. In this way, the 
unit can be successfully mass produced using off-the-shelf components 
with their wide range of characteristics and tolerances. 


Timing problems are sometimes difficult to isolate. What may appéar 
to work in a logic diagram may not, in reality, function properly be- 
cause of component frequency limitations and wide variations in prop- 
agation delays. Even though digital components are fast, they do not 
have infinite speed and are not perfect. Most timing problems will 
show up in the design stages and can be corrected once they are iso- 
lated. Timing problems rarely occur in equipment that has been in 
the field for some time. Many times when timing problems occur, you 


can correct them by replacing a component or by making a frequency 
or time delay adjustment. 
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Environmental Problems 





Environmental problems are those caused by the conditions of the envi- 
ronment in which the equipment is operating. A dirty environment is a 
good example. Some digital equipment is used in industrial environ- 
ments where oil, grease, dust, chemicals, and salt air can affect the way 
equipment operates. Typically a dirty environment will introduce more 
mechanical failures than usual. Dirty and corroded connector pins and 
switch contacts are typical of the items that fail. 


An environment in which considerable physical stress takes place can 
also cause troubles. An example of high physical stress is equipment vi- 
bration. Excessive vibration can cause mechanical failures of all types. 


One of the more common environmental problems is temperature. 
Most electronic equipment is designed to operate properly over a rela- 
tively narrow temperature range. This range is typically from 0 to 70 
degrees C. If the temperature is excessively low or high, the equipment 
may not operate properly. Virtually all electronic components are sen- 
sitive to extremes of temperature. Solid-state devices such as diodes, 
transistors, and integrated circuits will fail completely at extremely 
high temperatures, and many of these same electronic components will 
not work properly if the temperature is too low. 





Excessive heat, rather than cold, is the more common problem. Most 
equipment is designed to help minimize or eliminate heat generated 
by the equipment. Heat sinks are used on high-powered transistors 
and integrated circuits to help dissipate the heat. Ventilating holes 
and fans are often used to circulate the air to keep the heat from build- 
ing up. But despite the action taken by the designer to minimize heat 
buildup, most digital equipment will run hot. 
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Noise 





Noise is the name given any random or unwanted electrical signal in the 
equipment. Noise can be introduced by an external source or may be gen- 
erated internally. In any case, noise represents unwanted signals that 
cause a variety of troubles in digital equipment. 


Some of the more common sources of noise are voltage spikes on the AC 
power line, current and voltage surges in the power line or power supply, 
magnetic or electrostatic fields or RF interference that comes from radio 
or TV transmitters. Noise is also generated by the high-speed switching 
action of logic circuits. All of these sources create noise that can cause 
the malfunction or total breakdown of the digital equipment. 


Often the source of noise is the equipment itself. Internally generated 
noise can come from the power supply or from capacitive or inductive 
coupling of adjacent circuits. Improper or inadequate power supply fil- 
tering or regulation, or noise spikes generated by circuits being too close 
together are common causes. Noise problems are one of the most difficult 
to isolate. Noise is usually random and sometimes causes intermittent 
operation. As a result, noise is often difficult to track down. Once the 
source is located, the repair is generally easy. Most noise problems can 
be avoided if the equipment designer takes the potential noise problems 
into consideration during the design stages. 





Design Errors 


In new equipment and prototypes, design errors are sometimes a cause 
of trouble. Circuits that were designed to accomplish some specific 
task may not operate correctly due to mistakes made by the designer. 
Engineers occasionally miss important details or fail to anticipate un- 
usual conditions and, therefore, make mistakes in their designs. 


Luckily, most design errors are discovered during the prototype stage 
or as final tests and evaluations are being made. But there are times 
when design mistakes slip through and eventually show up in produc- 
tion units. This is true of very complex systems and sophisticated 
equipment where there are many modes of operation, critical specifica- 
tions or severe operational conditions. Design errors must be found 
if equipment reliability and functionality is to be achieved. Only 
exhaustive testing and practical use can find design errors. 
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Software 





In digital equipment using computers or in systems that can be pro- 
grammed, software rather than hardware can be the cause of a problem. 
Software is a term used to refer to the programs that a computer executes. 
Programs are lists of binary coded instructions, usually stored in RAM 
or ROM, that tell a computer or other digital hardware what to do. If there 
is a software error where a wrong instruction is used or the instruction 
sequence is incorrect, the equipment will not function properly. The 
hardware may be operating correctly, but the software defect makes it ap- 
pear as though a hardware problem is the cause. The troubleshooting 
challenge in programmed digital equipment is to determine if the prob- 
lem is hardware or software. 
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Self Test Review 





1. In digital equipment, —————— components fail more often 
than electronic components. 


2. Operator misuse is called a —————— problem. 
3. In newly constructed equipment, ___________ errors are often 
the problem. 


4. Problems with propagation delay and clock frequency are called 
problems. 


5. Threecommon sources of noise are: 
A. 
B. 


G: 





6. To minimize equipment “down time”, ———— — of repair is im- 
portant in digital troubleshooting. 


7. Integrated circuits fail less often than transistors. 
A. True 


B. False 


8. The most common environmental problem is excessive 


9. In computers, a___________ problem can give the impres- 
sion of a hardware failure. 





Digital Troubleshooting | 1 1 “1 l 


10. List the following components in the order (1, 2, 3, etc) you 
would check them if you were troublehsooting a piece of digital 
equipment. Hint: List them in sequence with most likely failures 
first. 





— PC board 
— Switch 
— PC board connector 


— Power supply 
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Answers 





1. mechanical 


2. cockpit 
3. wiring 
4. timing 


5. A. Radio/TV transmitters 
B. Power line spikes 


C. Internal logic switching 


6. speed 
7. A. True 
8. heat 


9. software (or programming) 





10. 1. Switch 
2. Powersupply 


3. PC board connector 


4. PCboard 
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DIGITAL IC PROBLEMS 





While equipment failures come from a variety of sources, as you have 
seen, the problem you are most likely to encounter is a defective digital 
integrated circuit. There are more integrated circuits in digital equip- 
ment than any other type of component. In fact, you can almost count 
on better than 90% of all components being digital ICs of some sort. Be- 
cause of this, when a problem occurs, it is most likely a digital IC. A high 
percentage of digital troubles in prototypes and newly manufactured 
equipment are caused by defective ICs. In this section, we discuss the 
ways digital ICs fail. The two types of IC failures you will encounter are 
classified as either external or internal. External problems are those as- 
sociated with the physical installation and interconnection of the inte- 
grated circuit. Internal failures are defects that occur inside the IC. You 
will encounter both types in your troubleshooting. 


Digital IC failures are generally easy to deal with. External failures can 
normally be very quickly and easily corrected. Internal failures, of 
course, cannot be. Once you have determined an IC has failed internally, 
all you can do is replace it. The challenge is in finding the defective IC. 
By knowing the ways ICs fail, you will be better prepared to find and deal 
with these problems. 





External IC Problems 


External IC failures often cause the integrated circuit itself to appear 
defective. The problems and symptoms of external and internal prob- 
lems are usually very similar. The challenge in troubleshooting is to 
determine just where the problem is located. 


Some typical examples of external IC problems include short circuits be- 
tween IC pins, open or broken circuits, physical damage, or a problem 
with another component connected to the IC. 


The most common external problem is a short between pins. The pins 
on a dual in-line integrated circuit package are spaced very closely. Occa- 
sionally when the integrated circuit is installed in a socket or printed cir- 
cuit board, the adjacent pins can touch, but the most usual cause of a 
short between pins is a solder bridge. When adjacent pins are soldered, 
solder may accidentally flow between the two pins. A tiny hairline bit 
of solder can also short adjacent pins. Such hairline shorts are not often 
visible and are sometimes difficult to isolate. 
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Most digital ICs are basically insensitive to such connections. After 
the short has been corrected, the IC will usually work normally. How- 
ever, there are shorts between pins that can cause damage. These are 
cases where circuit outputs could be shorted to either the supply volt- 
age or ground. Here, an external problem damages the IC internally. 





Another cause of shorts between adjacent pins is stray debris. Occa- 
sionally a tiny piece of wire, metal, or other scrap will stick to the 
bottom of a PC board, or lay on top of it, causing a short between 
pins. Shorts can also be caused by chemicals. Occasionally chemicals 
are used near production equipment and can be accidentally deposited 
on the printed circuit board. Such chemicals can create a short or 
a low resistance path between the pins. 


A high salt environment can also cause low resistance paths between 
conductors. Salty air will cause a salt buildup on sockets, printed cir- 
cuits or other metallic conductors. The buildup is usually gradual, 
and sometime in the future, a low resistance or short will occur. 


Another common external failure is an open circuit. This could be 
caused by an improperly soldered pin. When an IC is installed on 
a printed circuit board, solder may accidentally have been left off the 
pin. A poor or “cold”’ solder joint will cause the same effect as an 
open circuit. 





Open circuits can also be caused by a defective IC socket. In many de- 
signs, the integrated circuits are plugged into sockets. This makes them 
easy to remove and replace, which greatly aids in troubleshooting and 
repair. But when IC sockets are used, there is always the possibility that 
one of the pins of the socket may be defective. The result is usually an 
open circuit where the IC pin does not make proper contact with the 
socket pin soldered to the PC board. 


Open circuits may also occur because of a defective PC board. The copper 
on the PC board may be open due to a manufacturing defect or a deep 
scratch. If wires are used to interconnect ICs or their sockets, a broken 
wire or poorly soldered wire can also cause an open circuit. 


Physical failure or improper IC replacement can also cause trouble as 
well. For example, when a piece of equipment is manufactured, often the 
integrated circuit is installed backwards on the PC board. This is also true 
when an integrated circuit is installed in its socket. The IC will fit on the 
PC board or in the socket two ways. Of course, only one way is correct. 
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You can often correct the problem quickly by unplugging the IC from the 
socket and turning the IC around. This is more difficult to do when it is 
soldered to a PC board. In either case, the IC is rarely damaged if this is 
done. Turning the IC around solves the problem. 





Sometimes when an IC is plugged into a socket, the IC pins do not enter 
the holes properly. The IC pins may be bent or broken, thus creating an 
open and sometimes a short circuit. Occasionally, an IC pin will miss the 
hole and will be forced to the outside of the socket, not making the con- 
nection. 


Another type of external IC problem is the failure of a component 
connected to the IC. In many cases, the integrated circuit is connected 
‘to a switch, an indicator light, a connector, or other electronic compo- 
nents such as transistors, diodes, capacitors, and the like. All of these 
components can fail, creating either an open circuit or a short circuit. 
Often the problem will appear to be a defective IC, when in reality, 
it is the component connected to the IC that has failed. 


Some of the more common problems include open or shorted capacitors, 
open or shorted diodes or transistors, or defective switches and indicator 
lights. Connectors are one of the more common sources of external IC 
problems. We have already mentioned IC sockets, but keep in mind that 
circuit board connectors and cable connectors also cause their share of 
problems. 





Internal IC Problems 


Internal IC problems fall into three basic categories: direct component or 
circuit failure, short circuits, and open circuits. In all cases, the compo- 
nent is defective and must be replaced in order to restore operation. It 
is simply impossible to repair a digital IC. 


One of the most common causes of IC failure is simply a defective circuit. 
The circuit on the silicon chip itself is defective and results in a com- 
pletely inoperative IC. Such failures can be caused by improper use of 
the component. For example, excessive voltages or currents can be ap- 
plied to the IC, causing a component to fail. Extreme environmental con- 
ditions such as excessive heat or a short of the output to the supply volt- 
age or ground can permanently damage an IC. 
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Alternatively, the chip itself may never have functioned correctly. Be- 
cause of a flaw in the manufacturing process, the IC may have been defec- 
tive when it was delivered. Most ICs are 100% tested before leaving the 
factory, but some defective ones still slip through. 





Short circuits can cause internal defects. Just as shorts occur externally, 
they can also occur internally for most of the same reasons. In most 
ICs, the tiny silicon chip is attached to the IC pins by very fine wires. 
These fine wires are welded to the chip and to the pins. Occasionally, 
one of the welded bonds may come free, causing the tiny wire to touch 
an adjacent wire. A short is thus created. Stray debris may also cause 
such a problem, although it is not common. In addition, shorts can 
occur on the chip itself. Because of high currents or voltages, the chip 
can become damaged and adjacent connections can become shorted 
together. 


Open circuits are also common in internal failures. A bond may come un- 
welded at either the pin or the chip, thus creating an open circuit. Open 
circuits can also occur on the chip itself. Overloads of current or voltage 
can cause the fine wires connecting the chip to the pins to burn through. 
Open pins may be the most common internal IC problem. 


Figure 11-3 shows several typical internal IC problems. 
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Representative internal IC problems. 
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Self Test Review 





11. ThetwotypesofICfailuresare——— and 
12. Internal IC failures can only be overcome by 
13. Listthree common external IC problems: 
A. 
B. 
C. 
14. Thethree majorinternal IC ia are: 
A. 
B. 


C. 


15. The most common cause of an external short is a 
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Answers 





11. internal, external 
12. replacement 
13. A. Poorsoldering. 
B. Bentorbroken pins. 
C. ICinbackwards. 
14. A. Circuitfailure. 
B. Opens. 
C. Shorts. 


15. solder bridge 
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DIGITAL TEST INSTRUMENTS 





Most standard test equipment such as multimeters and oscilloscopes 
can be used in troubleshooting digital equipment. However, there are 
also special test instruments designed specifically to make it faster 
and easier for you to locate digital logic troubles. In this section, we 
describe the specification and application of standard test instruments 
for digital troubleshooting. In addition, we introduce a variety of spe- 
cial digital test instruments such as logic probes, logic pulsers, logic 
analyzers, and signature analyzers. In a later section, you will see how 
these test instruments can be used in locating a variety of digital prob- 
lems. 


Multimeters 


Standard analog or digital multimeters like those listed in Figure 11-4 
are used in troubleshooting digital equipment. The most often used 
application is for checking AC line voltage and DC power supply volt- 
ages in digital equipment. You will also use the resistance measuring 
capability of a multimeter for continuity checking. For example, you 
can test for open and shorts in wires and cables. You can also check 
connector pins, test fuses, and verify that incandescent lamps are open 
or good. The current measuring capability of a multimeter is rarely 
if ever used in testing and troubleshooting digital circuits. 





IM-2262 or 2264 Digital 
or IM-2215 


IM-5217 





Figure 11-4 
Standard analog and digital multimeters are useful in 
digital troubleshooting. 
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You can also use the multimeter to monitor logic levels in digital cir- 
cuits. You can use almost any multimeter to check for the existence 
of binary 0’s and binary 1’s. Analog meters are best for just looking 
for 1’s and 0’s, as the meter pointer is easy to see and follow. Digital 
meters are best when you want or need to know specific values. Multi- 
meters with good low voltage resolution are the most useful. Most 
digital logic levels are relatively low voltages, 5 volts or less, and a 
meter capable of measuring such voltages accurately is of benefit. Typi- 
cal binary O levels are often only several tenths of a volt. A meter 
with good low voltage resolution will give the best results. For very 
accurate measurements, a digital multimeter is preferred. 





Oscilloscopes 


Multimeters are used primarily in static testing. That is, when a multi- 
meter is being used it is common to check for fixed or static logic 
levels. When digital equipment is operating at high speed, a multimeter 
is basically useless in monitoring logic levels. An oscilloscope is a 
dynamic test instrument that allows you to see what is going on when 
the equipment is operating at high speeds. For that reason, osčillo- 
scopes are widely used in troubleshooting digital equipment. 





Since most oscilloscopes are calibrated for both amplitude and time 
measurements, you can measure almost all characteristics of digital 
signals. For example, you can measure logic levels quickly on an oscil- 
loscope. Vertical calibrations on the graticule represent fixed amounts 
of voltage and, therefore, provide a quick and accurate indication of 
both binary 0 and binary 1 levels. The horizontal graticule calibration 
represents units of time. For this reason you can use the scope to mea- 
sure rise and fall times, propagation delay, pulse width, and duty cycle. 
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Since time measurement can be translated into frequency (f= 1/t), you 
can also measure frequency with an oscilloscope. A common application 
is to check the clock signal in a digital circuit to verify its logic levels and 


its proper frequency. Figure 11-5 shows several ways oscilloscopes are 
used to measure digital signals. 


— — — BINARY 0 


IMAGINARY 
ZERO LINE 





VERTICAL SCALE = 1 VOLT/DIVISION 
HORIZONTAL SCALE = 200 ns/DIVISION 
BINARY 0= .2 VOLT 
BINARY 1 = 2.8 VOLTS | 
PERIOD = 600 NANOSECONDS 
FREQUENCY = 1/600 = 1. 6667 MHz 
RISE TIME = 80 NANOSECONDS 


Figure 11-95 
Measuring logic levels, period, frequency, and rise 
time with an oscillosscope. 
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In troubleshooting digital circuits, it is usually common to monitor sev- 
eral different signals simultaneously. In order to determine whether the 
circuit is functioning properly, one signal in the circuit must be com- 
pared to another to verify that certain events are in the proper sequence 
or at the proper time. For that reason, dual-trace or multitrace oscillo- 
scopes are preferred for digital troubleshooting. Measurements such as 
propagation delay can only be made on a dual-trace scope, as illustrated 
in Figure 11-6. 





x PROPAGATION DELAY= 24ns 









OUTPUT 






A} | iN 
Till 
it te yi 


HORIZONTAL CALIBRATION = 10 ns/DIVISION 


Figure 11-6 
Measuring the propagation delay of an inverter on a 
dual trace oscilloscope. 
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There are several different kinds of multitrace oscilloscopes available. 
One kind uses a single electron beam CRT, and multiplexing or alternat- 
ing sweeps are used to create the effect of 2, 4, or more traces on the 
screen. The multiplexed or chopped mode of operation gives the effect 
of displaying multiple channels concurrently, but such schemes are 
often not usable at the high frequencies encountered in digital equip- 
ment. The alternate sweep arrangement is available on some scopes but 
the time relationship between signals is not faithfully maintained. 





The best type of multitrace oscilloscope is one with a dual-beam CRT. 
Here, two traces can be displayed simultaneously, not just concurrently. 
Dual-beam oscilloscopes are usually far more expensive, but most of the 
time, they are absolutely necessary for best testing and troubleshooting. 


Oscilloscopes used in digital troubleshooting should also have triggered 
sweep. Most high quality scopes have this feature. 


Triggered sweep means that the horizontal trace on the oscilloscope can 
be triggered or initiated by an external signal. This can be the signal that 
is being viewed or some other related signal. Triggered sweep allows you 
to make more meaningful timing measurements in the digital circuits. 





One of the most important characteristics of an oscilloscope for digital 
testing and troubleshooting is bandwidth. The vertical amplifiers in the 
oscilloscope must have sufficient bandwidth in order to measure the 
very high frequencies that usually occur in digital circuits. The 
bandwidth figure of an oscilloscope is usually the upper frequency of the 
vertical amplifier. The higher the bandwidth, the more accurately the os- 
cilloscope will display the actual shape of a digital signal. Wide 
bandwidth is also absolutely essential in making accurate rise and fall 
time and proper propagation delay measurements. 


The bandwidth of the vertical amplifier is often rated in terms of rise 
time. The rise time (t,) and the bandwidth (BW) of the vertical amplifier 


are related by the formulas given below: 


BW = .35/t;, ort, = .35/BW 
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In these formulas, BW represents the bandwidth in MHz. The rise time, 
t,, is in microseconds. If an oscilloscope has a rise time of 50 nanoseconds 
(.05 microseconds), its bandwidth is BW = .35/.05 = 70 MHz. An oscil- 
loscope with a 50 MHz bandwidth has arise time of t, = .35/50 = .07 
microseconds or 70 nanoseconds. An oscilloscope cannot measure rise/ 
fall times less than its rise time specification. The wider the bandwidth 
and the smaller the rise time, the higher the quality of the oscilloscope. 
For most digital measurements, an oscilloscope must have a minimum 
bandwidth of 10 MHz. High speed TTL circuits are best tested with oscil- 
loscopes in the 35 to 60 MHz range. For very high speed ECL logic, osc!!- 
loscopes with bandwidth of 100 MHz to 1 GHz are available. Figure 11-7 
shows an oscilloscope designed for digital measurements. 





oscore 


Figure 11-7 
A dual beam 35 MHz Oscilloscope. 
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In addition to being able to measure logic levels as well as time and 
frequency characteristics, the oscilloscope is particularly valuable in 
locating noise and distortion problems. Noise is very common in digital 
circuits and it is difficult to locate. An oscilloscope allows you to spot 
voltage spikes and glitches that would never show up in measurements 
with a multimeter. The shape, size, and other characteristics of the 
noise pulses often give a clue to their origin. 





Ringing, shown in Figure 11-8A, is another problem that often causes 
problems in high speed circuits. Ringing is the high frequency oscilla- 
tion that often accompanies the leading or trailing edges of a pulse 
signal. It is often caused by improper grounding in the system. 


Distortion of a digital signal is often an indication that a fault exists. 
Excessive rise and fall times, excessive pulse sloping, or other distor- 
tion such as shown in Figure 11-8B, give a very clear indication that 
a problem exists. 
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Figure 11-8 
Oscilloscopes are good for locating noise and ring- 
ing(A) and distortion (B). 
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A good oscilloscope, like the multimeter, is almost essential to rapid 
digital troubleshooting. Although they are usually expensive, they will 
greatly shorten and simplify troubleshooting. 


You can use an oscilloscope to measure virtually all common digital 
signal characteristics, but it is not the best or most accurate instrument 
to use in all cases. For example, a digital multimeter will give a far 
more accurate measurement of logic levels than a scope. A standard 
digital counter will give a more accurate measurement of frequency 
than a scope. A scope, however, excells at showing signal characteris- 
tics such as distortion, noise, and shape factor. 


Logic Clips and Monitors 


A wide variety of special test instruments have been designed specifi- 
cally for digital troubleshooting. In the following sections, we will cover 
a variety of these instruments. The first and the simplest is commonly 
called a logic clip. This is a device that clips or clamps onto a standard, 
dual in-line integrated circuit package. Contacts make connection with 
all of the pins on the IC. The contacts are brought out at the top of the 
clip so that multimeter and oscilloscope probes can be easily attached. 
A logicclip isshown in Figure 11-9. 








Figure 11-9 
A logic clip. 
Photo courtesy AP Product. 
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A 


A logic monitor, shown in Figure 11-10, is similar to a logic clip in 
that it attaches to an IC DIP. Connected to each pin is an LED used 
as a logic level indicator. The result is a visual display of the binary 
state of each pin on the IC. The LED indicates the existence of a binary 
0 (off) or a binary 1 (on). You can check for binary 0O and binary 1 
states on an IC with a multimeter, of course. But this is very tedious 
and time consuming and you will need to write down the states on 
each pin in order to remember them. With a logic monitor you are 
able to observe every state on the IC pin simultaneously. This gives 


you a very quick check of their states to determine if a problem exists 
or not. 
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Figure 11-10 
A logic monitor. 
Photo courtesy Global Specialties. 


A logic monitor is a great time saver in determining faults in a digital cir- 
cuit. Keep in mind, however, its primary value is in static testing. Static 
testing infers that a digital circuit is not operating at high speed under 
the control of the clock. It means that the logic states are fixed or stable. 
Despite this limitation, logic clips are widely used because they greatly 
speed up and simplify the troubleshooting process. 
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Logic Probe 


A logic probe is a specialized digital test instrument designed to replace 
the multimeter for static testing and, in some instances, the oscilloscope 
for dynamic testing. A logic probe is an instrument used to indicate the 
logic status at a single point in a digital circuit. Circuitry within the logic 
probe examines the voltage at the point of measurement and determines 
whether it is a binary 0 or binary 1. The probe then gives an appropriate 
output on an indicator light. Usually the logic probe circuitry draws its 
power from the power supply of the equipment under test. A typical logic 
probe is shown in Figure 11-11. 





Figure 11-11 
A logic probe. 
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Most logic probes have one or more indicator lights. These are usually 
incandescent lamps or LEDs. On very simple logic probes, only a single 
indicator is used. When the indicator is off a binary 0 is indicated and 
when the indicator is on, a binary 1 is indicated. If two indicator lamps 
are used, one designates a binary 0 and the other designates a binary 1. 
For example, if the logic probe is touched to a point that is a binary 0, 
the binary 1 indicator lamp will be off while the binary 0 indicator lamp 
will be on. Touching the probe to a point in the circuit that is a binary 
1 will cause the binary 0 indicator to be off and the binary 1 indicator 
to be on. This basic idea is illustrated in Figure 11-12. 








Figure 11-12 
Using a logic probe with 0 and 1 output indicators. 


Since there are different thresholds for binary 0 and binary 1 levels in 
the various kinds of logic circuits, the probe will have to be set up to de- 
tect them. Some manufacturers have different probes for each of the vari- 
ous kinds of logic circuits (TTL, CMOS, ECL, etc.). Other logic probes 
contain circuitry for detecting logic levels of several different types of cir- 
cuits. A selector switch is used to enable the appropriate threshold detec- 
tion circuitry. 





11-96 [uwreseven o 


In addition to being able to test for binary 0 and binary 1 levels, a logic 
probe will also indicate open circuits and invalid logic levels. For exam- 
ple, a disconnected TTL input will measure approximately + 1.5 volts. 
This is an invalid TTL level between the normal binary 0 and binary 1 
states. If an invalid level such as this is detected, the probe indicators 
may be off or may simply glow dimly. The actual indication depends 
upon the type of probe and manufacturer. It is essential that you read the 
instruction manual for your probe before using it to be sure that you un- 
derstand the rules for the various indications. 





While logic probes are most often used for static logic checking, they can 
also be used to perform dynamic tests as well. High frequency repetitive 
signals are indicated by the flashing of the logic probe indicator lights. 
Most logic probes can detect periodic signals with frequencies as high 
as 100 MHz. Of course, the indicator lights will not follow at these 
speeds; they will usually have a dim glow to indicate a high speed logic 
signal. Most logic probes have internal circuitry that is used to flash the 
indicator lights off and on at a 5 to 10 Hz rate if the probe is connected 
to a high speed repetitive signal. Again the exact indication depends 
upon how the logic probe works. 


Another feature usually indicated in the better logic probes is a memory 
circuit. The memory is usually a flip-flop or an SCR (thyristor). The mem- 
ory Circuit is used to detect the occurrence of single pulses or logic level 
transitions. A manual reset switch on the probe is used to reset the flip- 
flop or turn off the SCR. When the single pulse occurs, the flip-flop is set 
or the SCR is turned on. This state is usually indicated by a separate indi- 
cator light. Most logic probes with a memory circuit can detect single 
pulse widths as narrow as 10 nanoseconds. 





The logic probe is nearly a complete replacement for a multimeter in 
most static logic tests. A multimeter is essential only when you must 
know the exact value of a voltage. 


The logic probe is not a perfect replacement for the oscilloscope in 
dynamic testing. The oscilloscope is best because it shows so much 
detail. However, for simple tests, the logic probe is a useful substitution 
in many applications. For example, you can make simple tests such 
as determining whether or not the clock is running in a piece of digital 
equipment with a logic probe. Logic probes are smaller, less expensive, 
and more portable than oscilloscopes and are ideal for field service. 
You can perform a high percentage of tests with a logic probe, but 
if you encounter unusual difficulty, you will need an oscilloscope for 
additional information. 
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Examining the operation of a typical logic probe will give you a better idea about 
its application. Consider the Heathkit Model IT-7410 Logic Probe. This instru- 
ment is designed for testing both TTL and CMOS logic circuits. It has an input 
impedance of 400k ohms. With its separate threshold detection circuitry, it can 
detect the standard TTL levels of CMOS levels. The probe has both binary 0 and 
binary 1 indicator lamps, and can detect square waves up to 80 MHz for CMOS 
circuits and 100 MHz for TTL circuits. The probe will also recognize single 
pulses or pulse trains with a minimum width of 10 nanoseconds. A memory in- 
dicator light tums on for any change in either logic level, and you can tum the 
memory light off with a manual reset button. Also, the probe can operate from 
any voltage between 5 and 15 volts. 





Figure 11-13 is an illustration of the IT-7410 Logic Probe. The most important 
features including indicators and controls are explained. The logic level in- 
dicators are located in the housing near the probe tp. A red indicator is used to 
designate the binary 1 state, while a white indicator is the binary O state. If an in- 
valid logic level between binary 0 and binary 1 is detected, indicator lights may 
be off, overly bright, or glowing dimly. For repetitive input signals, both in- 
dicators flash alternately at about a 5 Hz rate. 


















MEMORY indicator (LED1): This lamp turns on 
whenever a change takes place in the state of 
either logic level indicator. 


N 


TTL/CMOS switch (SW1): Selects the operating 
function of the Logic Probe — TTL logic or 
CMOS logic. 


RESET switch (SW2): When the memory indi- 
cator is on. depressing this switch will cause the 
indicator to turn off. 










HI" logic indicator (L1): Turns on when a logic 
1° is present at the probe tip. 









“LO” logic indicator (L2): Turns on when a logic 
“0” is present at the probe tip. 





Black Power Supply Clip: Connect to the nega- 
tive terminal of the DC power source. 


Red Power Supply Clip: Connect to the positive 
terminal of the DC power source. 


Figure 11-13 
Heathkit IT-7410 logic probe. 
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A memory indicator LED turns on when a logic level change takes place. 
If the voltage at the point in the circuit where the probe is touched 
changes from binary 0 to binary 1 or from binary 1 to binary 0, the mem- 
ory indicator will light and remain on. A memory reset pushbutton is 
used to clear or reset the memory circuit. 





This probe will measure either TTL or CMOS logic levels. The internal 


thresholds are set to register binary 0 and binary 1 for the logic levels 
given below: 


TEL Ditary 0: ecssccscsccasapocceowsssesioa: 0 — +.8 volts 


TTL binary 1 ou... lees +2.1 — +5 volts 


CMOS binary 0 ............. 30% of supply voltage 


CMOS binary 1 ............ 70% of supply voltage 


Figure 11-14 shows the typical inputs that can occur in testing. The logic 
probe response is given for each. 
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Performance Limits 


INPUT LOGIC LEVEL INDICATORS RESPONSE LIMITS 


CONDITION TTL @ 5.0 VDC CMOS @ 5.0 VDC CMOS @ 15 VDC | 
Vy = 2.4; V, = 0.4 Vu = 4.5; V, = 0.5 | V, = 13.5; V, = 1.5 








FLASH 100 MHz 100 MHz* 80 MHz” 
maximum maximum maximum 


10 ns° 10 ns’ 
minimum 


(PRF < 600 kHz) 


10 ns’ 


minimum 
(PRF < 600 kHz) 


minimum 
(PRF < 1.0 MHz) 





600 kHz 
maximum 





1.0 us 2.0 us 2.0 us 


minimum 
(PRF < 250 kHz) 


minimum minimum 
(PRF < 600 kHz) (PRF < 250 kHz) 





*USE OF HIGH FREQUENCY GROUND CLIP REQUIRED. 





Figure 11-14 


Typical logic probe inputs and responses. 
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NpUTÍ INPUT FILTER 
PROTECTION 
CIRCUIT 


Figure 11-15 is a general block diagram of the logic probe. The signal 
being measured is applied to the input filter and protection circuits. This 
circuit essentially filters out all low frequency signals and, at the same 
time, protects the internal circuitry from excessive input voltages. Any 
input voltage over 50 volts DC or 124 volts AC will damage the probe. 
Internal clamping diodes protect the probe circuitry from accidental 
overloads. 


"HIGH" CIRCUIT 


"RESET" "CLOCK" 









INPUT. fD 
fr ISt "HIGH" aren 
Ec, $| ~R INDICATOR] ©) 
Tind AG (RED) 
ONI E CIRCUIT 
mA 
M 
REFERENCE/BIAS MEMORY T 
(TTL/CMOS) CIRCUIT ees 
RESET 
— "RESET" 
"LOW" 
INDICATOR © (WHITE) "CLOCK" 
rh 0 CIRCUIT 


"RESET' “CLOCK'' 


"LOW" CIRCUIT 


Figure 11-15 
Block diagram of IT-7410 logic probe. 


The output of the input filter and protection circuit is fed to two detection 
circuits simultaneously. The detection circuits are voltage comparators, 
one for TTL inputs and the other for CMOS inputs. Each comparator com- 
pares the input to fixed reference voltages which are determined by the 
TTL or CMOS thresholds values. The output of the detection com- 
parators feed storage circuits. The storage circuits are made up of a 
number of flip-flops that store the binary 0 or binary 1 state detected. The 
storage circuits operate the high and low indicator circuits. 
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A clock circuit generates the timing pulses for the logic probe. The clock 
runs at a 10 Hz rate. It first generates a reset pulse that clears the storage 
circuits, then 100 milliseconds after the reset pulse, a clock pulse occurs. 
The clock pulse causes the input state detected to be stored and the ap- 
propriate indicator light to turn on. This reset/clock pulse sequence con- 
tinues repetitively as the input signal is monitored. 





Finally, a memory circuit made up of an SCR is used to determine when 
a logic level change occurs. Any high-to-low or low-to-high input state 


change causes the memory SCR to turn on and the appropriate indicator 
LED to light. 


Figure 11-16 shows additional detail on the various types of input signals 
that the logic probe deals with and the resulting logic probe indications. 


A logic probe is one of the most useful test instruments available for test- 
ing digital circuits. Like most test instruments, they require a little prac- 


tice to use effectively. 
ABNORMAL TTL LOGIC LEVEL INDICATOR RESPONSES VERSUS 
LEVEL INPUT SIGNAL CHANGES ( 5VDC SUPPLY ) 


OR OPEN RANGE 


. = 





HIGH : : ! S 
THRESHOLD = 4 ---4---2 feed ee eet ee ge e te ef 
LEVEL ee eile oe 4 
(2.1V TTL, . : : | ; 
INPUT } 7o% emosi i Rip po 
aa LOW -aM A oa 4 eS 
THRESHOLD em] ter wie [fete Peter et Petes tice creer 
LEVEL l ' | 
(.8VTTL, Jo io oi 
30% CMOS) . 








i + ot ff! pulses UP TO :100MHz CAUSE 
|} INDICATORS TO FLASH AT SHz RATE. 


( e 
an o 










q~q— <- = 
0 
0 
3 
q 
' 
I 


"HIGH" ON pesi ghee ews aie matte ena oa int Bie | 
LIGHT. : i i ! 
"LOW" ON ~~ : aaco — Cars 
LIGHT oi n 

( WHITE ) OFF —f-i-- --+---- 

SAMPLE TIME | 


100 
MILLISECONDS 
INTERVALS 


LOGIC CONTROL 


PULSES ESET SAMPLE ILME 
LSE 


~ &100mS— 


Figure 11-16 
Response to logic probe inputs. 
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Logic Pulser 





When you test digital logic circuits, it is often necessary to trigger 
a gate, flip-flop, or other circuit with a logic pulse to see if it is operat- 
ing properly. One way to do this is to remove the integrated circuit 
from the equipment and test it on a breadboard or in a special integrat- 
ed circuit tester. Many times, such a tester is not available. Further, 
the integrated circuit is usually soldered to a PC board and is difficult 
to remove. For such cases, you can use a special test instrument called 
a “logic pulser.” 


A logic pulser is a special form of signal generator that produces narrow 
logic pulses that can be applied to logic circuits to test them. Typically, 
the logic pulser is housed in a package that is similar to that of the logic 
probe. To use the logic pulser, you touch the point or probe end to the 
circuit input or output and press a button to generate a pulse. The logic 
pulser is usually used in conjunction with a logic probe. When you press 
the pulser button, one pulse is generated. The logic probe is used to moni- 
tor the circuit under test and to note any logic level changes as a result 
of the pulse applied. Figure 11-17 shows how a logic pulser is used. 





The logic pulser contains a circuit that automatically determines which 
polarity of pulse to generate. For example, when you touch the logic 
pulser to the point in the circuit to which the pulse is to be applied, the 
internal sensing circuit determines whether that point in the circuit is 
a binary 0 or binary 1. If that point in the circuit is a binary 0, it will be 
driven to the binary 1 level when you press the pulser button. If the 
pulser circuitry detects a binary 1 level, that point in the circuit will be 
driven to a binary 0 when you press the pulser button. 


You can apply the logic pulser to virtually any point; you can use it at 
both the inputs and outputs of the logic circuit. It will either sink current 
(act as a load) or provide source current, which allows it to change the 
logic state at any point, and its high fan-out capability allows it to over- 
ride any other circuit connections. 


This ability to change the state of any point in the circuit is extremely 
valuable because it permits complete in-circuit testing. You can check 
ICs and complete digital circuits without removing the ICs or making 
other circuit changes. With some test equipment, you must sometimes 
break (open) a circuit at certain points or remove components in order 
to do the necessary testing; with a logic pulser, it isn’t necessary. 
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Figure 11-17 
Using a logic pulser and a logic probe together to test 
circuits. 
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Pulsers are available for the various types of logic. Different amplitudes 
and drive capabilities are required for TTL, CMOS, ECL, and other 
logic circuit types. 





Normally when you press the logic pulser trigger button, the pulser will 
automatically generate a single pulse. A typical pulse width for a TTL 
pulser is 300 nanoseconds to 1 microsecond. A 10-microsecond wide 
pulse is typical fora CMOS probe. 


A logic pulser can also generate multiple pulses. When you hold down 
the trigger button for longer than one second, the pulser begins to gener- 
ate a series of off/on pulses at approximately a 100 Hz rate. Such pulse 
bursts are useful for triggering logic circuitry several times to determine 
whether it is operating properly. 
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Current Tracer 





A current tracer is another type of portable digital test instrument. Like 
the logic probe and the logic pulser, the current tracer is housed in a 
hand-held probe. Where the logic probe is used for detecting voltage 
levels, the current tracer measures the relative value of the current in a 
conductor. A special probe at the end of the current tracer senses the mag- 
netic field generated by a current flowing in a wire or a connection on 
a printed circuit board. In most applications, a logic pulser is used to sup- 
ply a pulse to the circuit. The current tracer is used to detect that pulse 
current, or other current pulses in the circuit, generated as a result of the 
_ Stimulus given by the logic pulser. 


The presence of a current is indicated by a lamp in the current tracer 
housing. The current tracer usually has a sensitivity adjustment so it can 
sense any current from approximately 1 milliampere to 1 ampere. When 
the sensitivity level is set, the probe will indicate the presence of a cur- 
rent in excess of the sensitivity level threshold. Like the logic probe and 
current pulser, the current tracer usually takes its operation power from 
the supply of the equipment under test. : 


The current tracer is particularly useful in troubleshooting low imped- 
ance circuits. The current tracer is ideal for locating short circuits and 
for troubleshooting data buses and wired OR circuits. The current 
tracer can locate shorted IC inputs and outputs, solder bridges on 
printed circuit boards, shorts in power supplies, and shorted conduc- 
tors in cables. 





The current tracer is also very useful in dealing with data buses. Typi- 
cally data buses are multiplexed, and many inputs and outputs are con- 

= nected to common lines. It is not easy to find problems in such circuits 
unless you disconnect the various circuits from one another. As indi- 
cated earlier, this is difficult, if not impossible, in most normal trouble- 
shooting. 


Wired OR circuits are similar in that many outputs are connected to- 
gether. Whenever a problem exists in one circuit, it affects all of the 
others. Locating the defective circuit is difficult with voltage tracing 
techniques unless the individual circuits can be disconnected from one 
another. In all of these cases, the current tracer provides an easy way to 
locate the trouble without disconnecting any of the circuitry. 





1 1-46 | UNIT ELEVEN 


The basic principle of operation of the current tracer is that the circuit 
driving a low impedance fault or short must be delivering the majority 
of the current. The fault can be located by tracing the path of this high 
current. 





To find a short with a current tracer, you touch the probe tip to the wire 
or printed circuit trace near the expected short, then adjust the sensitivity 
control until the indicator lights. Next, move the current tracer along the 
wire or printed circuit connection. Follow all paths connected to this 
point, and watch the indicator. Usually, you will locate the driving cir- 
cuit, as well as the short. 


Figure 11-18 shows an example of how you might use a current tracer 
to detect a short circuit. The solder bridge in the circuit has caused 
the output of two logic gates to be shorted together. You touch current 
tracer tip to the output of gate A and adjust the sensitivity level so 
that the indicator lights. Then follow along the path where the current 
keeps the indicator on. The indicator will remain lighted until it passes 
the solder bridge. This means that the current tracer has lost the main 
current path and has found a lower current path. At the point in the 
circuit where the indicator goes off, you will find the solder bridge. 
Visually inspecting the printed circuit board will usually turn up the 
problem. 





CURRENT TRACER 
SET SENSITIVITY ON INDICATOR LIGHT 


CURRENT TRACER UNTIL GOES OFF HERE 
INDICATOR TURNS ON 
AT THIS POINT 
@ 
> > > 
© 
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~— CAUSED BY 


SHORT CIRCUIT 
SOLDER BRIDGE 








PATH OF HIGH 
CURRENT 


Figure 11-18 


Using a current tracer to locate a short circuit. 
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Figure 11-19 is an example of how you can use the current tracer 
to locate a shorted gate output in a wired AND circuit. Initially, you 
connect the current tracer to the pull-up resistor and adjust its sensitiv- 
ity so the indicator is on. Then use the current tracer to follow the 
current to each of the gate outputs. As you move the current tracer 
along the current path, the indicator light will go out on those gates 
not causing the problem. The current tracer indicator will stay on at 
the output of the shorted gate. You can use a logic pulser, if necessary, 
to generate the test current in the circuit. 





LIGHT GOES Voc 


OFF HERE PULL UP RESISTOR 
E > SET CURRENT TRACER SENSITIVITY HERE 
o 


OUTPUT 


LIGHT STAYS ON HERE 


INDICATING SHORT 
INTERNAL SHORT = = | 


PATH OF HIGH 
CURRENT 





Figure 11-19 
Using a current tracer to troubleshoot wired 
AND circuits. 
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Logic Analyzers 





One of the difficulties you will often encounter in troubleshooting digi- 
tal equipment is that, in order to determine if a circuit is operating 
properly, you must monitor and compare many different logic signals 
simultaneously. The proper operation of most digital circuits depends 
upon the timing, sequencing, and relationships between a number of 
different signals. Logic probes, current tracers, multimeters, and other 
such instruments are capable of monitoring only one point in a circuit 
at a time. This is OK for simple troubleshooting, but for complex sys- 
tems it is sometimes inadequate. 


You can use oscilloscopes to monitor multiple points in a circuit, but 
most oscilloscopes are limited to two traces, or four at the most. This is 
still inadequate for many complex systems. For multiple tracings, you 
can use the chopped or alternate modes of sweep, but the alternate mode, 
while creating the effect of multiple channels, does not always display 
the multiple inputs with the correct timing relationships. In the chopped 
mode, the frequency of the signals being monitored is severely limited. 
As a result, even multitrace oscillosopes are inadequate for enn 
complex digital problems. 





Another factor is that digital systems have become more complex over 
the years. With the addition of microprocessors, semiconductor 
memories, and a variety of other LSI and VLSI circuits, digital equip- 
ment, although small in size, can be incredibly complex. Combine this 


with high speed and you have one of the most difficult and challenging 
troubleshooting problems. 


To cope with such complexities, special digital test instruments have 
been developed. The most important of these is the logic analyzer. 


A logic analyzer is essentially a recording device that accepts multiple 
input channels of digital data. Each input channel accepts a digital signal 
from a single source in the equipment under test. Typical logic analyzers 
have from 8 to 16 input channels, although logic analyzers are available 


with up to 64 inputs, and can typically accomodate data rates of 50 to 
100 MHz. 
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The multiple input signals are sampled and stored in a semiconductor 
memory built into the logic analyzer. Since the logic input signals are 
nothing more than binary data, a standard RAM can be used to store the 
various input states. All of the input signals occurring simultaneously 
are sampled and stored together within the computer memory for a fixed 
duration of time. 





Once the input signals are sampled and stored, they can be displayed on 
a standard CRT. A variety of different display modes can be selected. For 
example, a pulse train or time display mode allows all input signals to 
be displayed as timing waveforms on the CRT. In this way, the logic 
analyzer acts as a multi-input digital oscilloscope. 


The data in the memory can also be displayed in a binary format. Instead 
of timing pulses, only 1’s and 0’s are written on the CRT display. And 
finally, a map or graphic format display allows the data to create a unique 
pattern on the screen that can be used to recognize proper and improper 
operation. We will discuss these display modes in more detail later. 


A simplified block diagram of a logic analyzer is shown in Figure 11-20. 
The multiple input lines are attached to the equipment under test by 
small clips. The logic input signals are then fed to input signal condition- 
ing circuitry. The probes are like scope probes, and the input circuitry 
is similar to the logic threshold detection circuitry in a logic probe. In 
order to accurately detect, store, and display digital signals, the input sig- 
nal conditioning circuitry must sense the upper and lower logic levels 
appropriate for the circuitry under test. This may be TTL, CMOS, ECL, 
NMOS, or some other logic type. 
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Block diagram of a logic analyzer. CRT DISPLAY 
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Once the input signals have been properly sensed and conditioned, they 
are fed to a sampler circuit. The sampler is essentially a set of switches 
or gates that are enabled for a short period of time to let the input-signal 
pass. The sampling time interval is only a few nanoseconds in most high 
speed logic analyzers. This is a sufficient duration of time to sample the 
logic level. All sampler switches and gates are operated simultaneously 
so that the samples of the input signals are taken at the same time. 





The sampled signals create a multibit binary word. For 16 input channels 
as shown, a 16-bit binary word appears at the output of the sampler. This 
16-bit word is stored in a semiconductor memory made up of standard 
MOS RAM chips. Its size depends upon the number of input channels 
and the amount of data to be stored. The RAM in most logic analyzers 
is capable of storing several hundred to several thousand of these multi- 
bit input words. 


The internal timing circuits control the sampling and storing of the input 
signals. These are in turn typically triggered by an external input signal. 
Usually, the clock signal from the circuit under test is used to trigger the 
sampling and memory circuits. A signal derived from the clock, or 
another input signal which may be used as a reference, can also be used 
to trigger the sampling and storage operations. Most logic analyzers-also 
contain an internal clock circuit which may be used to handle the timing 
functions. Some logic analyzers have a front panel pushbutton for man- 
ual triggering, which initiates one sampling and storage operation. 





Once the input signals have been sampled and stored, they are displayed 
in one of three forms on the CRT. The three display modes are: the timing 
mode, the data mode, and the map mode. 
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TIMING MODE 


The timing mode or pulse train format display is similar to that of a stan- 
dard oscilloscope. The signals stored in memory are translated into stan- 


dard voltage timing waveforms which are displayed simultaneously on 
the CRT as in Figure 11-21. 





Figure 11-21 
Model D132 Logic Analyzer showing timing mode 
display. 
Photo courtesy Intech. 


This mode is best suited for finding timing faults. All input channels 
were recorded simultaneously and are displayed in the same way. You 
can easily see the timing relationship of various pulses. The display 
shows the logic voltage levels with respect to time. In this mode, the logic 
analyzer is simply a high resolution multichannel oscilloscope. Most 
logic analyzers can display up to 16 input channels simultaneously. 
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DATA MODE 





The data mode or binary format display is simply a listing of the memory 
contents displayed as binary 1’s and 0’s on the CRT. Instead of showing 
voltage pulses with respect to time, the CRT simply shows a string of bi- 
nary 1’s and 0’s. A character generator in the CRT formatting circuitry 
translates the memory contents into binary 0 and 1 characters. 


The data format display is useful in troubleshooting primarily because 
most operations in a digital system take place on data words. These are 
usually binary words that are some multiple of 4 or 8 bits in length. Often, 
it is easier to recognize a fault when it is displayed as a binary number 
rather than a voltage waveform. If the value of the correct binary word 
is known, it can be quickly located on a display of binary 1’s and 0’s. 


Figure 11-22 shows the relationship between the time and data mode dis- 
plays. The waveforms shown are those that might occur at the four out- 
puts of a BCD counter. Note that the binary 0 or 1 values are shown in 
relationship to the timing waveforms. In the data mode, only the binary 
1’s and 0’s are displayed. 
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Figure 11-22 
Input and output waveforms of a BCD counter as they 
would be displayed on a logic analyzer: waveforms in 
timing mode, 1’s and 0’s in data mode. 
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Note that in a data mode display, each horizontal row of binary numbers 
represents one data input channel. To detect a particular binary number 
or word, vertical numbers are searched. Figure 11-22 shows how the 4-bit 
code 0111 (representing 7) would appear. A logic analyzer showing a 
data mode display appears in Figure 11-23. In addition to binary num- 
bers, most logic analyzers also have octal, hex and even ASCII options 
for the data display mode. 
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Figure 11-23 
Logic analyzer showing a binary data mode display. 
Photo courtesy Hewlett-Packard. 
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MAP MODE 





The map mode gives a graphic display on the CRT unique to the input 
signals. What happens is that the parallel data words are read out of mem- 
ory into two digital-to-analog converters. Half of the bits of the data word 
feed one D-to-A converter and the other half of the data bits feed another 
D-to-A converter. The outputs of these D-to-A converters form X and Y 
axis sweep voltages which are applied to the horizontal and vertical 
plates of the CRT. 


With this approach, the data read out of the memory into the display 
causes a unique pattern or signature to be drawn. A light dot generated 
by the CRT is deflected horizontally and vertically by the data being read 
out of the memory. As data changes, the position of the light dot on the 
CRT will jump rapidly from one position to the other. The unique pattern | 
created by a repetitive series of data is easy to recognize. This is shown 
in Figure 11-24. If the circuit is operating properly, a specific pattern will 
be obtained. Defects in the circuit will show up as changes in the map 
or pattern. 
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Figure 11-24 
Map mode display. 
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It is important to point out that a logic analyzer is simply a recorder 
and displayer of data. The term “analyzer” is perhaps misused. The 
analysis of the information selected and displayed is still subject to 
interpretation. The human operator must still observe the display and 
determine for himself whether or not a problem exists. He can usually 
determine whether the equipment is operating properly from instruc- 
tion manauls, timing displays, and data word patterns. For new equip- 


ment being tested, the design specifications provide the reference infor- 
mation in which the display is compared. 


The logic analyzer is a powerful and useful device. It is most helpful 
in troubleshooting complex digital systems. Special logic analyzers 
have been built to help locate problems in unique applications. For 
example, the logic analyzer in Figure 11-25 is used to locate problems 
in data communications networks using the EIA RS-232 interface. 
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Figure 11-25 
A serial data logic analyzer used to find problems in 
a data communications network. 
Photo courtesy Hewlett-Packard. 
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Microprocessor equipment is particularly difficult to troubleshoot. 
Logic analyzers are a must in troubleshooting and repairing micropro- 
cessor-based equipment. Special forms of logic analyzers are available 
to work with microprocessor-based systems. The unit in Figure 11-26 
can monitor microprocessor data and address buses and identify spe- 
cific instruments for display. Binary, octal, and ASCII display modes 
are available. 
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Figure 11-26 
A Logic analyzer for microprocessor based system 
troubleshooting. 
Photo courtesy Hewlett-Packard. 


Signature Analyzer 


A signature analyzer is a special form of digital test instrument that per- 
forms a function similar to a logic analyzer. Whereas a logic analyzer 
monitors many digital signal sources in parallel, the signature analyzer 
monitors only one point in a digital circuit at a time. The serial pattern 
of binary 0’s and 1’s generated at a particular point in the circuit forms 
a unique signature. If the circuit is operating properly, the serial pattern 
of binary 0’s and 1’s will be known. If a defect occurs, the pattern of bi- 
nary 1’s and 0’s, and therefore the signature, will be different. This is a 
simple way to quickly locate faults in digital equipment. The signature 
itself is usually a 4-digit hexadecimal number. 
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To use a signature analyzer in locating defective circuits, you must know 
the correct signatures for each point in the circuit. For many types of digi- 
tal equipment, the manufacturer has determined and recorded the cor- 
rect 4-digit hexadecimal signature values for each point in the circuit. 
These are usually given in the equipment logic diagram. To troubleshoot 
the equipment, you connect the signature analyzer input to each point 
in the circuit, and a 4-digit LED display shows the signature obtained at 
each point. You can then compare the signature to the correct value on 
the logic diagram. If an incorrect signature is obtained, a fault is indi- 
cated. 





Figure 11-27 shows a simplified block diagram of a signature analyzer. 
Note that the main element is a 16-bit shift register. The serial input data 
from the input point test is applied to the shift register through an exclu- 
sive OR gate. Outputs from the 7th, 9th, and 12th flip-flops in the shift 
register are fed back through exclusive OR gates and are exclusive ORed 
with the signal. After a specified number of inputs have been sampled, 
a fixed signature is generated. 
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Figure 11-27 
Basic circuit of a signature analyzer. 
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The 16-bit binary number stored in the shift register is the signature. 
That number is divided into four 4-bit segments to form a 4-digit 
hexadecimal number. Hexadecimal numbers, as you recall, feature 16 
digits, the numbers 0 through 9 and the letters A through F. Typical 
signatures that may be displayed are 5C92, 70A4, B283, and F6D1. 





The primary benefit of a signature analyzer is that it requires no operator 
interpretation. The signature is either correct or incorrect. For that 
reason, the signature analyzer is an ideal test instrument for unskilled 


technicians or production line workers to use in locating faults in digital 
equipment. 

















Digital Troubleshooting | 1 1-59 


Self Test Review 
16. Multimeters, logic monitors and logic probes are best for 
testing. 
17. DC voltages are best measured witha ——— ë multimeter. 
18. Logic levels are best detected witha ——— multimeter. 
19. For the most accurate logic level measurement, a multimeter with 
is best. 
20. To measure propagation delay, a —— —ć —— ——— Žž oscil- 
loscope must be used. 
21. Noise and distortion are best detected with a (an) 
22. The test instrument used to view all IC pin voltages simultane- 
ously is called a 
23. Logic probes can make both static and dynamic tests. 
A. True 
B. False 
24. The output response of a logic probe input is indicated on a 
25. Logic probes are typically battery powered. 
A. True 
B. False 
26. An open circuit is usually indicated by —————— or 
output lights on a logic probe. 
27. Periodic pulse inputs are designated on a logic probe by 
indicator lights. 
28. The instrument used to generate a test pulse for a logic circuit 


iscalleda__. 
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29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


Shorts in digital circuits are easily detected by a 
A logic probe detects _________ pulses; a current tracer de- 
tects__......__—rpulses. 
The test instrument that samples, stores and displays multiple 
digital inputs simultaneously is called a 
The three display modes of a logic analyzer are: 

A. 

B. 


C. 


Most logic analyzers can display up to ——— ——— waveforms 
simultaneously in the_______ mode. : 


Logic analyzers can “look at” up to _______ input signals at 
a time. 


The display mode that uses D-to-A converters in a logic analyzer 
isthe________—s mode. 


Binary 0’s and 1’s are displayed in the_______ mode. 


A signature analyzer has multiple data inputs. 


A. True 
B. False 
The output of a signature analyzer is a 4-digit—— number. 


The main circuit element in a signature analyzer is a 

The signature output from a logic analyzer in the map mode 

and the signature output from a signature analyzer are the same. 
A. True 


B. False 
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Answers 
16. static 

17. digital 
18. analog 


19. lowvoltage resolution 
20. dual-beam 

21. oscilloscope 

22. logic monitor 

23. A. True 

24. lamp, light or LED 


25. B—False. — Logic probes get their power from the circuit 
under test. 





26. offordim 
27. flashing 
28. logic pulser 
29. current tracer 
30. voltage, current 
31. logicanalyzer 
32. A. Timing 

B. Data 


C. Map 


133. 16, timing 
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34. 64 

35. map 

36. data 

37. B — False. — A signature analyzer has one input. 


38. hexadecimal 
39. shift register 


40. B— False. 
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PROCEDURES FOR DIGITAL 
TROUBLESHOOTING 





The main objectives in troubleshooting are to repair the defective 
equipment as soon as possible at the lowest cost. This is particularly 
true of operating equipment, because the loss of that equipment keeps 
people from doing their jobs. The loss of a computer, a piece of test 
equipment, or some other system will often reduce productivity to 
zero. Ít is essential that the problem be located quickly and the equip- 
ment put back into operation. 


The basic procedure for digital equipment troubleshooting involves 
three major steps. These are data collection, fault isolation, and repair. 
Let’s consider each of these steps in more detail. 


Data Collection 


Data collection is the gathering together of all the information that 
you will need to service the equipment. Any information that you 
can locate with regard to the equipment before you make initial tests 
will usually simplify and speed up the troubleshooting process. Many 
individuals skip this step altogether and go directly to the equipment 
to make tests and repairs. This is OK if you are already familiar with 
the equipment and how to repair it. But if you are working on a piece 
of equipment for the first time, this information gathering step is ex- 
tremely valuable. 





One of the first things you want to locate is the equipment documenta- 
tion. Documentation refers to all the operation and service manuals, 
logic and schematic diagrams, specification, operational procedures, 
and parts lists. Most digital equipment is supplied with manuals and 
information of this type. As complex as most digital equipment is, 
it is practically impossible to service without the manuals. 
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After you have collected all of the available documentation, go through 
it carefully. Review the manuals to familiarize yourself with what the 
equipment does and how it works. It is particularly important that 
you determine the function of the main operating controls. You don’t 
want to introduce ‘“‘cockpit” problems because of your lack of knowl- 
edge about the operation. You don’t have to read the manuals all the 
way through, but you should familiarize yourself with their content. 
You will most likely need diagrams that show physical layout, logic 
diagrams, and schematics if you are going to do any detailed troub- 
leshooting. 





Often another source of data will be service and repair records. On some 
equipment, detailed logs are kept on repairs and general servicing. If the 
equipment you are working on has a service history, it will sometimes 
give you a clue as to the problem. In some equipment, the same things 
seem to fail over and over again. If this is the case, chances are, the same 
failure has occurred again. It will be easier for you to locate it. 


If there are others who have serviced the equipment before you, you 
might ask them for their help. Perhaps they can give you some tips on 
how to approach the troubleshooting or a hint as to the possible problem. 
It is easier to service equipment for the first time with the assistance of 
someone who has already done it before. You will learn your way around 
the equipment faster and usually locate the problem a lot easier. 





Finally, you will probably need IC, transistor, and other component 
specifications. The pin-out data on the TTL, CMOS, or ECL IC used 
in the equipment is essential to detailed troubleshooting. You may 
need specifications on transistors, diodes, capacitors, and other compo- 
nents. You can get all of this data from manufacturer’s catalogs and 


data sheets. Sometimes this information is included with the equip- 
ment manuals. 
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Isolating the Problem 





After you have familiarized yourself with the equipment through 
documentation, the next step is to approach the equipment and locate 
the problem. This is the most time-consuming and difficult part of all 
troubleshooting. In fact, it is the very heart of digital equipment servic- 
ing. The actual repair of the equipment is generally fast and simple. Usu- 
ally the problem is found to be one simple component, perhaps costing 
only pennies. 


Repair may involve unplugging an IC and plugging in a new one. Total 
repair time may only be minutes. But finding that problem can some- 
times be difficult. The actual amount of time that it takes could vary 
from minutes to days. If you are working on a small piece of equipment 
with minimum complexity, you may be able to find the problem within 
minutes or several hours. Then again, if you are working on a large 
system, it may take days to isolate the trouble. In large systems, it 
is often necessary to narrow the problem down in stages. Most large 
digital systems are subdivided into major sections. These subsystems 
can be worked on individually once the problem has been isolated 
to one of them. In any case, there is no way to predict how long it 
is going to take to isolate the problem. It depends upon the nature 
of the problem, your own experience, and in many cases, choosing 
the best procedure for the particular problem. 





There is no formal or established procedure for troubleshooting any kind 
of electronic equipment. The actual approach to troubleshooting will 
vary depending upon the equipment you are working on. In most cases, 
however, the troubleshooting procedure comes down to nothing more 
than a logical and sequential reasoning process. One way of looking at 
it is a cause-and-effect process. You notice the effect and attempt to deter- 


mine what causes it. 
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There is no way to give you a foolproof step-by-step procedure to follow. 
However, in most digital troubleshooting, there are specific steps you can 
take in locating the problem. The following paragraphs list a sequence 
of nine procedures that you can follow in locating most problems. You 
may have to vary the sequence of them depending upon your needs, but 
in most cases, they should reveal the problem. These steps are outlined 
in Figure 11-28. 





1. Operate the equipment. 
2. Look for the obvious. 


3.  Rundiagnostics. 
4, Use your senses. 
5. Check for power. 
6. Test forclock. 


7. ‘Signal tracing. 





8. Substitution. 


9. Testing. 


Figure 11-28 
Steps in digital troubleshooting 


OPERATE THE EQUIPMENT 


The first step in the troubleshooting procedure is to turn on the equip- 
ment and attempt to operate it normally. Use the equipment as it would 
ordinarily be used and verify its operation. The knowledge you gained 
from the documentation should allow you to operate the equipment 
properly, and at the same time, determine if it is working. Check out the 
equipment thoroughly in all of its operating modes. What you are trying 
to do in this step is to verify the reported failure and duplicate or repeat 
the problem for your own observation. 
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Once you are able to duplicate the problem, you can observe for yourself 
what is or is not happening. Be sure to make detailed notes at this point 


on the symptoms, control settings, meter or display readings, or other in- 
formation you can gather. 





LOOK FOR THE OBVIOUS 


During the first step, where you are operating the equipment and verify- 
ing the defect, you should be alert for clues to improper operation. This ~ 
is a good time to look for the simple and obvious problems that so often 
are interpreted as major equipment failures. For example, the first thing 
you should look for is “cockpit” problems. Is the equipment being used 
properly? Are the controls set correctly? Are the readouts and displays 
being interpreted correctly? Go back to the manuals for answers to these 
questions if you have to. If someone else is operating the equipment, ask 
them to repeat the operation and to verify the failure themselves. Some- 
times you may find that the operator simply isn’t using the equipment 
correctly or interpreting the result properly. 


During this time, you should also look for things such as loose or broken 
cables. After an extended period of use, a cable or wire may break, or a 
connector may become loose or altogether disconnected. You may even 
find the classic problem of complete equipment failure. That is, 
the equipment may not operate simply because the power cord is not 
plugged into the outlet. 





This is also a good time to disconnect any external equipment that may 
be attached to the equipment you are working on. Many pieces of test 
equipment or other instruments are used in conjunction with others. As 
a first step in isolating the problem, you should disconnect external units 
one at a time and note the result. Sometimes the external units have been 
incorrectly connected. You may also find that the external equipment 
has failed rather than the unit you are working on, which may cause the 
main unit to appear faulty. 


At this point, the troubleshooting process can take many different 
courses. If the equipment simply isn’t operating at all, you would most 
likely suspect an AC or DC power failure. In this case, you would go di- 
rectly there and check for power. On the other hand, if the equipment 
does seem to have power and is operating, although incorrectly, you may 
want to take another approach. In any case, you will need to vary the 
steps of the procedure to suit your particular situation. 
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RUN DIAGNOSTICS 





A lot of digital equipment, particularly computers and large digital sys- 
tems, have special diagnostics tests you can run to help locate the prob- 
lem. In computers, the diagnostic tests are usually programs stored in a 
floppy disk or some other type of mass media. In any case, if you are deal- 
ing with a computer, running the diagnostics will usually locate the 
problem very quickly. 


In other types of digital systems, the diagnostics programs are often built 
in. The diagnostic tests may be stored in a ROM. These diagnostics are 
self-testing procedures that you can usually initiate with a switch setting 
or a pushbutton. The whole idea of a diagnostic is to have large systems 
test themselves. Diagnostics are valuable in helping to isolate a problem 
quickly. 


As digital equipment continues to get larger and more complex with 
advances in technology, more manufacturers are building in self-test- 
ing procedures and fault-isolation aids. Some equipment is even de- 
signed to contain small indicator lights that will turn on to indicate 
the specific point in a circuit where the equipment failed. In critical 
digital equipment such as that used by the military or in space opera- 
tions, high reliability and rapid repair are absolutely essential. Use 
these built-in diagnostics; they will save you a lot of time. Usually 
the equipment documentation will spell out in detail what is being 
tested and how. 


USE YOUR SENSES 





At this point, you are probably beginning to narrow the problem down. 
You should havea clue as to what part of the equipment is defective. Now 
is the time to begin zeroing in on the fault. 


By this time, you would probably begin to open the equipment; open 
cabinet doors, pull out the chassis on a workbench, or otherwise try to 
get to the actual circuitry. In any case, you want to be able to observe the 
equipment in operation. 


Here, you should use your normal senses of sight, touch, smell, and hear- 
ing. For example, by carefully looking over the equipment, you may be 
able to spot the problem immediately; a broken wire, a loose connector, 
a printed circuit board that is not plugged in properly, or some other 
physical problem. You may see a cooling fan that is not operating or an 
excessively dirty air filter. Careful visual observation will often turn up 
a wiring error on a breadboard prototype like that shown in Figure 11-29. 
Take your time and look everything over carefully to be sure that it is as 
it should be. 
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Figure 11-29 
Typical breadboard prototype. Wiring errors are the 
main problem. 
Photo courtesy AP Products. 


Smell is another sense that will often give you a clue to the problem, par- 
ticularly in electronic equipment. One of the first things that you will 
notice is a burned smell that usually indicates a defective component. 
Burned resistors and transformers give off a unique odor. You may even 
be able to see smoke coming from the defective component or see an ac- 
tual charred device. 


The sense of touch is another help in locating problems. What you will 
be looking for by your touch is excessively hot components. You may 
want to gradually touch every component possible to see if it is 
excessively warm, but be careful not to burn yourself. Most digital ICs, 
for example, normally run warm to hot. Any component that is too hot 
totouch comfortably is usually detective. 


Your sense of hearing, while not the most important in troubleshooting, 
will sometimes help give away the problem. For example, you may not 
hear the cooling fan that is supposed to be running. You may also hear 
crackling sounds that may indicate a burning component. Rattling 
sounds could indicate disconnected cables or similar problems. 


Observation is a simple procedure that will many times lead you directly 
to the problem. It is often overlooked as part of the troubleshooting pro- 
cess. Take your time to doit, as it could eliminate a lot of work. 
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CHECK FOR POWER 





At some point in the troubleshooting process, you may want to test to see 
that you have the proper power to the equipment. When the equipment 
is not operating at all, the usual reason is that proper power is not being 
supplied. This could be as simple as the AC line cord not being plugged 
in, to a major failure in the power supply. So, before you begin detailed 
testing procedures of the logic circuitry itself, be sure that proper AC and 
DC power exists. 


Using a standard analog or digital multimeter, you should first check to 
see if the AC power is being supplied to the unit. Make sure the line cord 
is plugged in and that AC power is reaching the input to the power 
supplies. The most common reason that the power supplies are not get- 
ting AC power is a blown fuse. Typically a fuse is connected in the AC 
power line. If a fault or overload occurs, the fuse blows to protect the 
equipment, and often, this is the only problem with the equipment. 
When you replace a fuse, make sure you use one of the same value. 


Some types of equipment use circuit breakers rather than fuses. Like the 
fuses, the circuit breakers are usually located on the back of the equip- 
ment. The circuit breaker is either a switch or pushbutton that you can 
reset which will usually put the equipment back in operation quickly. 
Sometimes, there is no actual failure; a transient overload will simply 
blow the fuse or trip the breaker, shutting off the equipment. 





If replacing the fuse or resetting the breaker causes the fuse to blow again, 
or the breaker to trip, then a serious problem is indicated. It usually 
means that there is a fault in the main power supply. 


Using a multimeter, next check to see that all of the DC voltages coming 
out of the power supply are correct. Most digital systems have at least 
one power supply that is usually a 5-volt supply. Many systems have 
more than one power supply. Typical supply voltages are +5 volts, + 
and — 12 volts, + and —15 volts and 24 volts. Using the schematic dia- 
gram as a guide, make sure the power supply voltages are within toler- 
ance. If the supply voltages are not there, then you know you have a 
power supply problem. At this point, you should remove the power sup- 
ply and repair it. On the other hand, if all of the supply voltages are what 
they should be, then you know that the problem lies elsewhere. However, 
if the supply voltages are lower than they should be, it is probably be- 
cause of excessive current loading by one or more circuits. Here, you 
should disconnect one circuit at a time until the supply voltage returns 
to normal. In this way you isolate the defective circuit. 
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A typical digital power supply is shown in Figure 11-30. Power supply 


failures are common in digital equipment. 





Figure 11-30 
Typical digital power supply. Power supply failures 
are common in digital equipment. 


TEST FOR CLOCK 


Virtually all digital equipment uses a clock or master oscillator to operate 
the circuits. This can be a simple astable multivibrator or a tem perature- 
controlled quartz crystal oscillator. In any case, the equipment will not 
operate at all if it has no clock signal. Once you have verified that all the 
proper supply voltages are there, checking for the existance of a clock sig- 
nal is the next step. 


You can check for the existance of a clock quickly and simply with 
a logic probe. If you get a favorable indication, chances are the clock 
is operating properly. However in many cases, it is best to make a 
more thorough check; use an oscilloscope to verify the integrity of 
the clock signal. By looking at the clock signal on the oscilloscope, 
you can measure its frequency, pulse width, voltage level, and other 
characteristics to see if they are correct. In most digital equipment, 
the amplitude, pulse width, and frequency of the clock signal is criti- 
cal. Even minor variations can cause problems. 
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If no clock signal exists or the clock signal characteristics are incorrect, 
then you have at least partially isolated the problem. You know the 
trouble is in the clock circuit. On the other hand, if the clock is operating 
properly, the trouble lies in another part of the equipment. 





SIGNAL TRACING 


At this point, the troubleshooting can again take many paths. Depending 
upon what the equipment is and how it operates, there are all kinds of 
procedures that you may wish to try. One of the most common and use- 
ful, however, is signal tracing. Signal tracing is the process. of tracking 
a signal through the equipment from input to output. Most digital equip- 
ment is designed to accept input signals, process them in some way, and 
generate useful output signals. Signal tracing is the process of simulating 
input signals and tracing them through the circuit to see that they pro- 
duce the desired output result. 


Signal tracing requires some form of input signals. If the equipment itself | 
is receiving its input from a keyboard, transducers, or other sources, and 
they can be used in the troubleshooting process, by all means use them. 
However, in some cases you may not be able to duplicate the input sig- 
nals exactly. In this case, you will need to simulate them with a test in- 
strument such as a logic pulser or signal generator. Binary word 
generators are also available to produce artificial input data for equip- 
ment testing. 





To verify that appropriate outputs are occurring, you can often use 
the readouts and displays built into the equipment, if they exist. In 
many cases, there are LEDs, 7-segment readouts, or CRT displays that 
can be observed. If not, you may need a multimeter, oscilloscope, logic 
probe, or logic analyzer to verify that you are getting the correct results. 


As you generate input signals, you will typically begin tracing them 
through the circuitry if you are not getting the correct output. The intent 
is to follow the signal as far through the circuitry as you can. The point 
in the circuit where you lose the signal is where the trouble exists. At this 
time, you may not know exactly why the signal stops, but at least, you 
have generally isolated the problem and you can begin more detailed 
testing. At this time, logic diagrams, logic clips, logic probes, etc. can be 
the most valuable. 
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SUBSTITUTION 





Substitution is one of the fastest and easiest methods of finding the prob- 
lem in digital equipment. Once you have isolated the problem to a gen- 
eral area such as a printed circuit board or integrated circuit, you can 
often repair it quickly by a simple substitution process. Let’s say that you 
have narrowed the problem down to a particular printed circuit board 
in the equipment. If a new replacement board is available, substitute it 
for the old one. If this solves the problem, then you know the difficulty 
lies on that board. The substitute board puts the equipment back in oper- 
ation quickly. You can always repair the defective board later. In many 
large systems, spare printed circuit boards are made available for just 
such situations. 


Substitution also works at the component level. For example, you may 
isolate the problem to one or two integrated circuits. If these integrated 
circuits are installed in sockets, you can quickly replace them with new 
ones. If the iCs are not in sockets, you will have to unsolder them. This 
is time-consuming and potentially damaging, but it may have to be done. 
In any case, substituting an IC is a fast way to verify if it is defective. 


You can also replace other components such as defective transistors, 
diodes, capacitors, or resistors. By making circuit measurements, you 
can often identify the defective component. For example, if the voltages 
at the emitter, base, and collector of a transistor are not correct, you 
may suspect a defective unit. This is the classical way of troubleshoot- 
ing. That is, you make careful circuit tests and measurements, and 
attempt to pinpoint the defective component. However, this often takes 
more time than simply substituting a component that you suspect of 
being defective. 





Substitution is, in many ways, a “brute force” troubleshooting tech- 
nique. It is often a little more expensive, since substitute components are 
needed. On the other hand, there is probably no faster way to get a piece 
of equipment operating. 
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TESTING 





If substitution does not solve the problem, the next step is detailed logic 
testing. At this point in the procedure, you have isolated the problem to 
a particular subsystem or circuit. The problem will be revealed by more 
detailed testing. 


The two basic types of digital testing are static and dynamic. In static 
logic circuits, the clock is usually disabled. At this time, all of the logic 
levels in the circuit are stable. With this condition, you can look at them 
with a multimeter ora logic probe. 


Many systems allow you to disable the clock signal so that static testing | 
is possible. Other systems provide a manual pushbutton which you can 
use to trigger the circuitry one pulse at a time. This pushbutton usually 
is substituted for the clock so that you can sequence through the logic 
operation a step at a time by pressing the button. Such single-step opera- 
tion is extremely helpful in troubleshooting. 


Dynamic testing means testing the equipment while it is operating under 
normal clocked conditions. The system clock runs at its normal rate. You 
will then need to use an oscilloscope or logic analyzer to isolate the prob- 
lem. A logic probe may be helpful in some cases, but for most dynamic 
testing, it does not give the kind of detail usually required. 





Dynamic testing is the preferred approach, although it is the most diffi- 
cult. Sometimes a logic circuit operates properly when it is static or in 
a slow-speed, single-stepped mode. However, the equipment may not 
operate properly when it is run under normal high-speed conditions. Dy- 
namic testing is preferred because it shows up problems such as noise 
or propagation delay troubles that create timing problems. 
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Making the Repair 





Perhaps the easiest part of servicing digital equipment is making the ac- 
tual repair. You will probably spend most of your troubleshooting time 
just isolating the problem. Once you have found it, the repair may take 
only a few seconds, or in many cases, not more than minutes. For exam- 
ple, you may fix the equipment by replacing a PC board. Perhaps the 
problem is to resolcer a broken wire or make a simple timing adjustment 
in the clock circuit. 


The most common repair, however, is replacing a defective component. 
This usually amounts to changing an IC, replacing a transistor, or install- 
ing a new capacitor. Such repairs are generally easy, but there are two 
important points to consider in making the repair. First, you should take 
care if you do any unsoldering and soldering. Second, if you must deal 
with MOS integrated circuits, proper handling is essential. 


UNSOLDERING AND SOLDERING 


Many times making the repair means removing a damaged component 
from a printed circuit board. Unsoldering a component may be difficult, 
and it can also cause a lot of damage if done improperly. 





The best way to unsolder a component is to use one of the special solder 
removing tools commonly available. Usually a vacuum bulb is used to 
pull the solder off the connection as you heatit. 
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Another approach is to use solder wick. Solder wick is a special type of 
braided wire that is coated with flux, a rosin that will quickly attract sol- 


der. Solder wick is an ideal way to remove solder from a connection as 
it is heated. See Figure 11-31. 
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Figure 11-31 
Solder wick removes solder fast and completely from 
PC boards making IC’s and other components easy to 
replace. 


Special unsoldering tools are also available, such as special tips on sol- 
dering irons that allow all pins on an integrated circuit to be heated and 
unsoldered simultaneously. While such tools are useful, itis usually best 
to remove solder from connections before you attempt to take a compo- 
nent off the circuit board. In any case, be extremely careful and avoid 


overheating the circuit board. Excessive heat will cause copper lands to 
peel off the board and cause further damage. 
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When you take a component such as a transistor, diode or integrated 
circuit from a PC board, be sure to note the correct orientation of the 
pins. In fact, you may want to write this down before you forget; later, 
you can install the replacement correctly. It is frustrating to install 
the new component incorrectly and find that the equipment still 
doesn’t work. 





When you replace the component, resolder it carefully. Be sure there is 
sufficient solder on each pin, but be careful not to overheat the connec- 
tion and cause damage. Further, watch for excessive solder that could 
cause solder bridges (shorts between adjacent pins caused by too much 
solder or sloppy soldering techniques). 


MOS DEVICES 


Today almost all digital equipment uses some type of MOS integrated cir- 
cuit. These may be P-channel or N-channel devices or CMOS circuits. All 
of these devices can be damaged by static electricity. When you replace 
an MOS device, you must handle it properly to avoid damaging it. 


Most new MOS devices are supplied by the manufacturer packed in a 
conductive foam. The IC pins are usually pushed into the foam, which 
essentially keeps all of the pins shorted together so that static electricity 
does not get tothem. 





‘Vhen you are ready to install the new device, carefully remove the 
iC from the foam while touching the PC board in which the new device 
will be installed. Touching the IC in the foam and the PC board simul- 
teneously, prevents static electricity arcing. You can usually prevent 
demage to MOS circuits due to static electricity by grounding the 
ecuipment, the tools, and yourself. Be sure that the equipment you 
ar: working on is properly grounded. You may also want to ground 
the soldering iron with a clip lead. Many assembly line workers ground 
themselves with a wrist strap. If you take such precautions, you should 
be able to reinstall the IC without damaging it. 
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TESTING 





After you have made the repair, you will need to reassemble the equip- 
ment. Then you will make the final tests to see that it is operating prop- 
erly. You will probably want to run through the same procedures you did 
initially. Try to repeat the fault if you can. Again, verify that the equip- 
ment operates exactly as it should in all possible modes. You may even 
want to run the diagnostic tests again if available. Better still, let the nor- 
mal user of the equipment try it out again to be sure that it functions prop- 


erly. As you have verified its operation, you can close up the equipment 
and reinstall it. 
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Self Test Review 





41. All of the manuals and printed data available on a piece of digital 
equipment is called 


42. Troubleshooting isa_______ and______ reasoning pro- 
cess. 


43. Youcan often locate the problem by simple observation using your 
44. Built-in tests that automatically help locate problems are called 


45. A blown fuse or tripped breaker can keep AC power from reaching 
the eee 


46. The fastest method of troubleshooting is 


47. A logic pulser can be used as the input, and a logic probe as the 
output, to perform a common testing method called 





48. Simulating the clock with a pushbutton in static testing is called 


49. Unsoldering is best done with 


50. _____—_—m'ICs can be damaged by static electricity if not handled 
properly. 
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Answers 





41. documentation 
42. logical, sequential 
43. senses 

44. diagnostics 

45. power supplies 
46. substitution 

47. signal tracing 

48. single stepping 
49. solder wick 


90. MOS 
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EXPERIMENT 26 





Practical Digital Troubleshooting 


OBJECTIVE: To demonstrate the operation of a logic 
probe and to show its use in troubleshoot- 
ing practical digital circuits. 


Materials required: 


Heathkit Digital Design Experimenter 

Analog or Digital Multimeter 

Heathkit IT-7410 Logic Probe or equivalent (optional) 
1—14495-1 LED Driver IC (443-1802) 

1—74LS00 TTL IC (443-728) 

1—74LS42 TTL IC (443-807) 

1—74LS193 TTLIC (443-815) 

1—7-Segment LED (411-885) 








Procedure 


In the first part of this experiment, you will become familiar with 
a logic probe. The experiment is designed specifically to show the 
features of the Heath IT-7410 Logic Probe, although almost any logic 
probe can be used successfully. If you do not have a logic probe, simply 
skip the first part of this experiment and go on to the second part 
of the procedure beginning at Step 11. Logic probes are one of the 
most often used pieces of digital equipment, and it is essential to be- 
come familiar with them. We encourage you to purchase a logic probe 
or borrow one for this experiment. 


1. Connect your logic probe to the ET-3200 Experimenter with short 
pieces of hookup wire. Connect one end of the hookup wire into 
the ground and +5 volt sockets on the Experimenter and the 
other ends to the power and ground clips of the logic probe. 


2. Apply power to the ET-3200 Experimenter; then touch the tip 
of the logic probe to the ground connection on the Experimenter 


and observe the result. Next, touch the logic probe to the + 5-volt 
supply voltage. Note the probe indications below. 


Ground 


+5 volts 


3. Touch the logic probe to the normal output switch A and note the 
result. Depress logic switch A and again note the result. 


Switch normal 
Switch depressed 


4. Press the reset button on the logic probe and be sure the memory 
light is off. Touch the probe tip to the normal output of logic switch 
A. Press and release the switch once, noting the logic switch indi- 
cations, including the state of the memory lamp. 


Memory light state 
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5. Press the reset button of the logic probe, turning off the memory 
light. Touch the logic probe to the complement output of logic 
switch A. Again press the switch and release it, noting the logic 
probe indicator and memory light changes, if any. 





Memory light state 


6. Set the logic clock to the 1 Hz position. Touch the tip of the logic 
probe to the clock output. Note the response on the logic probe. 
Count the number of pulses occurring to determine the frequency 
of oscillation of the probe lights. One way to do this is to count the 
number of times the pulse light goes on in a 10-second period, then 
divide this number by 10 to get the frequency in Hz. 


Frequency _____ Hz. 


7. Set the clock switch to the 1kHz position. Touch the probe to 
the clock output and again note the frequency of operation by 
counting the output pulses over a fixed time interval. Repeat 
for the 100 kHz clock position. Explain your results. 


Frequency (1 kHz position) —————— — HZ. 





Frequency (100 kHz position) ————— Hz. 


8. Wire the circuit shown in Figure 11-32. Connect the power (14) and 
ground (7) pins to +5 volts and ground on the Experimenter. 


9. Touch the logic probe to pins 1 and 2 of the 7400 IC and record the 
logic probe indication. Explain the reason for this indication. 


Pin 1 
Pin 2 


10. Touch the probe output to pins 3 and 6 and note the probe output 
indication. 


Pin 3 


Pin 6 
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Discussion 





In this part of the experiment, you demonstrated how the logic probe can 
be used to detect various logic levels and digital signals. You demonstrat- 
ed this first by touching the probe to the ground and + 5-volt power sup- 
ply outputs on the Experimenter. Touching the logic probe to ground 
causes the white light indicator to turn on, thus indicating a binary 0. 
Touching the +5-volt supply line turns on the red probe light, thereby 
indicating a binary 1 level. 


Next, you measured the output of logic switch A with the logic probe. 
The normal output is usually a binary 0 before you press the switch. 
When you press the switch, the normal output goes to a binary 1. Releas- 
ing the switch causes the output to go toa binary 0. Of course, the comple- 
ment output gives the opposite results. The output is a binary 1 before 
you press the switch, and changes to binary 0 when the switch is pressed. 


The memory indicator on the logic probe is designed to “remember” 
when a logic level transition occurs, so you must manually reset the 
memory light before you use it. If the point to which the logic probe is 
touched switches from binary 0 to binary 1, or from binary 1 to binary 
0, the memory light will turn on. You should have noted that the memory 
light did go on when you pressed logic switch A. The light should have 
turned on for both cases of 0-to-1 and 1-to-0 logic level changes. 





Next, you used the logic probe to indicate the presence of a clock signal. 
With the Experimenter clock in the 1 Hz position, the logic probe indi- 
cator lights followed the clock output changes. The clock switches at ap- 
proximately 1 Hz or 1 output pulse per second. 


With the Experimenter clock in the 1 kHz or 100 kHz position, the 
logic probe flashed at approximately a 3 to 5 Hz rate. This flashing 
rate is set by the internal oscillator of the logic probe. Any frequency 
higher than 10 Hz will automatically be detected and indicated as 
a 5 Hz flashing light on the logic probe. 
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Finally, you used the logic probe to measure typical input and output 
logic levels on a standard TTL circuit. First, you measured the open in- 
puts of a 7400 TTL gate. Since the two inputs are not connected to binary 
0 or binary 1, you will actually be measuring the internal voltage level 
of the TTL input circuit. This will usually be about + 1.5 volts. The probe 
will simply detect this as an invalid logic level or an open circuit. On the 
IT-7410 Logic Probe, this is indicated by both binary 0 and binary 1 lights 
being off. On some logic probes, the indicator lights will glow dimly at 
a brilliance level somewhere between the binary 0 and binary 1 levels. 





On a TTL NAND gate, open inputs are interpreted as being binary 1 
levels. Therefore, the output of gate 1 at pin 3 should have been at a bi- 
nary 0 level. This in turn is connected to gate 2 in Figure 11-32. This gate 
acts as an inverter, generating an output at pin 6, whichis a binary 1 level. 
The logic probe should have indicated this correctly. 


+5V 
7400 IC 14 | 





Figure 11-32 


Diagram of circuit for experiment 26, step 8. 
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Procedure (continued) 


In this part of the experiment, you will wire a typical digital circuit. You 
will determine how that circuit works and then perform a variety of 
troubleshooting procedures on it. The idea is to show you a procedure 
or step-by-step method you can use to test a circuit and verify its opera- 
tion. If the circuit does not work, you will perform tests to isolate the 
problem. Then you will repair the circuit and verify that it is operating 
correctly. 


11. Construct the circuit shown in Figure 11-33. Take your time to 
build the circuit exactly as shown. You should know in advance 
that the circuitry wiring has several ‘‘errors”’ in it. We hope that you 
will not spot the errors, but if you do, go ahead and make the wiring 
exactly as shown. 


12. Observe the circuit in Figure 11-33. Analyze the operation of the 
circuit to determine how it works. Find out the specific function 
of the circuit before going on. As a starting point, assume logic 
switch A, the reset button, is pressed, then logic switch B, the start 
pushbutton, is pressed. Analyze the operation of the circuit after 
those initial inputs. The clock (CLK) input to gate 1 can be any fre- 
quency. 


13. Set the ET-3200 Experimenter clock to 1 Hz. Apply power to the 
circuit and test its operation. Make whatever measurements you 
need with a multimeter or logic probe to satisfy yourself that the 
circuit is operating properly. If the circuit does not function prop- 
erly, explain or list the symptoms you observe. 


14. Begin the troubleshooting procedure, using a multimeter or logic 
probe as you require. If you do not have a logic probe, you can sim- 
ply use one of the logic indicator LEDs on the Experimenter. Often, 
nothing more than a simple LED indicator like this is needed for 
simple digital troubleshooting. In this step, specifically check for 
the existance of power supply voltages and the clock signal. 
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Figure 11-33 
Circuit for step 11. 
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15. Perform whatever troubleshooting steps you can think of to help locate the 
problem. As a hint, use signal tracing techniques where the clock is assumed to 
be the input. 





16. After you have discovered the problems with the circuit, make the repairs. In 
this case, you will be able to repair the circuit by correcting the wiring. After 
you repair the circuit, check the operation of the circuit to be sure that it per- 
forms properly. 


Discussion 


The first part of the experiment is to determine the function of the circuit in Figure 
11-33. It should be obvious to you at this time, that it is almost impossible to intel- 
ligently troubleshoot a digital circuit without knowing how it operates. Earlier, we 
made the point that it is absolutely essential that you understand the operation of 
the circuit to avoid “cockpit” errors. Further, you simply do not know whether it is 
operating properly if you do not know what it does. In many cases, the equipment 
documentation will give you all the information that you need. In other cases, such 
as this one, no information will be given. You will simply have to determine the 
operation of the circuit yourself by analyzing the logic diagram. | 





The circuit in Figure 11-33 is a pulse burst generator. That is, when you press switch 
B, the circuit generates a fixed number of output pulses and then halts. The number 
of pulses in the burst generated is determined by which output on the 74LS42 I-of- 
10 decoder is selected. 


The circuit operates when logic switch A is pressed. This causes the 74LS193 bi- 
nary counter to be properly reset prior to operating. The latch made up of gates 2 
and 3 is reset. The output of gate 2 is low, thereby inhibiting gate 1. Therefore, the 
clock signal does not pass through gate 1 to the counter. When the start button is 
pressed, the latch is set. This enables gate 1 and clock pulses pass through it to the 
74LS193 counter and the output. Each clock pulse increments the counter. The 
14495-1 decoder driver observes the counter output and displays the counter’s con- 
tent on the 7-segment LED. 
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The 7442 1-of-10 decoder monitors the counter outputs. As soon as the 
selected number of outputs occur, the appropriate gate on the 7442 will 
go low and cause the latch to be reset. This causes gate 1 to be inhibited 
and the clock pulses to be stopped. The number 6 output of the 7442 1-of- 
10 decoder (pin 7) is used here; therefore, the circuit should generate six 


output pulses before stopping. You can observe the output pulses at the 
ouput of gate 1. 





At the end of the burst, the 7-segment LED indicator shows the number 
of pulses generated. The cycle will repeat if you press logic switch A to 
reset the circuit and logic switch B to start it. You can verify the operation 
of the circuit for different numbers of output pulses by changing the con- 
nection on the output of the 7442 decoder. 


As you probably noted, the circuit does not function properly. 


In step 14, you should have discovered that there were no power and 
ground connections on the 7442 IC. In checking for power and ground, 
you should do more than just check for the presence of the supply voltage 
at the power supply output. You should verify that every IC in the circuit 
has power and ground applied to it. Usually the power and ground pins 
are noted on the logic diagram. You can very quickly and easily check 
the power and ground on each IC witha logic probe. Once you discovered 
that the 7442 did not have power and ground on it, you should have 
added these connections. 





Again, you should have tested to see whether the circuit was operating 
properly; you probably discovered that it did not. The main symptom 
you should have noted was that once the circuit was reset with logic 
switch A and started with logic switch B, the state of the counter never © 
changed. This was indicated by the LED display continuing to show 
zero even after the circuit was started. 


At this point, you should have tried signal tracing. With the logic 
probe, you should have found that the clock signal was present at 
the input to gate 1. Measuring the output of gate 1 should have shown 
you that no clock pulse existed. This is the main circuit output and 
should have been one of the first places for you to check. Recall that 
most circuits have an input and an output, with the circuitry in be- 
tween doing the necessary processing. By tracing the circuit, you 
should have found that we deliberately grounded the output of gate 
1. By removing this wire, clock pulses will now reach the input of 
the 74193 counter. 





At this point, the circuit should have operated properly. 
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UNIT EXAMINATION 





The purpose of this exam is to help you review the key facts in this unit. 
The problems are designed to test your retention and understanding by 
making you apply what you have learned. This exam is not so much a 
test as it is another learning method. Be fair to yourself and work every 
problem first before you check the answers. 


1. The most critical element in repairing digital equipment to prevent ` 
loss of productivity is: 


A. Cost. 
B. Proper test equipment. 
C. Experienced repair personnel. 
D. Fast service. 
2. Which of the following components is most likely to fail first? 


A. Switch. 





B. Connector. 
C. Fuse. 


D. Diode. 


3. Which of the following would cause a timing problem? 
A. Propagation delay. 
B. Power supply voltage. 
C. Clock frequency. 


D. Heat. 
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4. Which ofthe following is NOT an environment problem? 





A. Powerline spikes. 
B. Heat. 

C. Dirt. 

D. Vibration. 


5. Which of the following give the false impression of a hardware 
problem? 


A. Mechanical failures. 
B. Operator problems. 
C. Excessive heat. 


D. Software problems. 





6. Which of the following is NOT an example of an internal IC failure? 
A. Solder bridge. 
B. Open weld. 
C. Defective chip. 
D. Shorted pins. 
7. Short circuits can be caused by: 
A. Broken pins. 
B. Broken welds. 
C. Defective IC socket. 


D. Solder bridges. 
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8. Ascratched PC board can cause a/an: 





A. Short. 
B. Opencircuit. 


9. Chemicals often cause: 


A. Shorts. 
B. Opencircuits. 

10. Whichof the following instruments are best for static testing? 
A. Oscilloscope. 


B. Multimeter. 


©) 


Logic probe. 


D. Signature analyzer. 





11. Whichofthe following is NOT adynamic test instrument? 
A. Logic monitor. 


B. Oscilloscope. 


O 


Logic probe. 
D. Logic analyzer. 
12. Anoscilloscope is best for measuring which of the following? 
A. Logic levels. 
B. Noise. 
C. Frequency. 


D. Distortion. 
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13. The test instrument that gives a visual output indication to a single 
logic input is called a: 





A. Logic monitor. 


OF 


Logic pulser. 


O 


Logic probe. 
D. Logicclip. 

14. Thecircuitin Figure 11-34 can be used as a simple TTL logic probe. 
A. True. 


B. False. 


INPUT 
LED 





Figure 11-34 


Circuit for Exam question 14. 


15. A flashing output on a logic probe usually indicates which of the 
following inputs? 


A. Opencircuit. 


B. Binaryo0. 
C. Binary1. 
D. Pulse train. 
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16. The instrument used to generate an input stimulus to test a digital 
ICis called a: 


A. Logic pulser. 

B. Current tracer. 

C. Logic probe. 

D. Signature analyzer. 


17. Defects such as shorts in wired ORs and bus systems are easily 
found with a: 


A. Logic probe. 
B. Current tracer. 
C. Logic pulser. 
D. Multimeter. 


18. The test instrument that collects and stores many simultaneous 
digital inputs is called a/an: 


A. Oscilloscope. 

B. Logic probe. 

C. Logic analyzer. 

D. Signature analyzer. 


19. When the CRT display shows binary 0’s and 1’s, octal, or hex 
characters, which logic analyzer display mode is selected? 


A. Timing. 
B. Map. 
C. Graphic. 


D. Data. 
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20. Which logic analyzer mode is best for recognizing specific data 





words or bit patterns? 
A. Timing. 
B. Data. 
C. Map. 
21. The map mode ina logic analyzer generates which of the following 
outputs? 
A. 1’sand0’s. 


B. Timing waveforms. 
C. Hexdigits. 
D. Signature pattern. 


22. Thedynamic test instrument witha single serial input and a 4-digit 
hex output display is called a: 





A. Logic analyzer. 
B. Signature analyzer. 
C. Logic probe. 
D. Logic monitor. 
23. The maincircuitina signature analyzer isa: 
A. RAM. 
B. Sampler. 
C. Multiplexer. 


D. Shift register. 
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24. A signature analyzer is connected to a point in a circuit whose sig- 
nature is 2E7A. The signature analyzer display shows 2E8A. The 


circuitis defective. 
A. True. 
B. False. 


25. The main causes of AC power not reaching the power supplies are: 
A. Tripped breaker. 
B. Defective regulator. 
C. Shorted power transformer. 


D. Blown fuse. 


26. The logic circuitry in a system is static. The problem could be a de- 
fective: 


A. Powersupply. 
B. Clock. 
C. Output display. 
D. Connector. 
27. Trackinga logic pulse from input to outputis called: 
A. Substitution. 


B. Single stepping. 


©) 


Signal tracing. 


D. Current tracing. 
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28. Oneofthefastest ways to get defective equipment operating is: 


A. 


B. 


C. 


D. 


Dynamic testing. 
Signal tracing. 
Static testing. 


Substitution. 


29. Themost common defect in breadboard prototypes is: 


A. 


B. 


C. 


D. 


No DC power. 
Defective clock. 
Wiring error. 


Bad IC. 


30. Touching the IT-7410 Logic Probe to an IC input pin causes both 
indicator lights to go off. The problem is a/an: 


A. 


B. 


Short. 
Open circuit. 
Noise. 


Blown fuse. 























10. 


11. 


12. 


13. 


14. 


15. 


16. 


EXAMINATION ANSWERS © 


D— Fast service. 
C—Fuse. 

A — Propagation delay. 
C—Clock frequency. 

A — Power line spikes. 
B— Operator problems. 
D — Software problems. 
A— Solder bridge. 

D — Solder bridges. 

B— Open circuit. 

A— Shorts. 

B— Multimeter. 

C— Logic probe. 

A — Logic monitor. 
B—Noise. 

D— Distortion. 

C— bak probe. 


A — True. A binary 1 will turn the LED on. A binary 0 will not light 
the LED. 


D— Pulse train. 


A — Logic pulser. 


| a aiaa 
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17. B—- Current tracer. 





18. C — Logic analyzer. 
19. D— Data. 
20. B— Data. 
21. D— Signature pattern. 
22. B— Signature analyzer. 
23. D— Shift register. 
24, A— True. 
25. A—Tripped breaker. 
D — Blown fuse. 
26. B—Clock. 


27. C— Signal tracing. 





28. D — Substitution. 
29. C— Wiring error. 


30. B — Open circuit. 





